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ABSTRACT 
 
There is a critical need for new energy-efficient solutions for separating liquid 
mixtures. Among the variety of current separation technologies, membrane-based 
operations are attractive because they are relatively energy-efficient, and are applicable to 
a wide range of industrial effluents. However, traditional membrane-based technologies 
have disadvantages of fouling or poor separation efficiency. This research explores the 
systematic design of membranes, as well as, the development of smart methodologies that 
enable separation of a wide variety of both immiscible and miscible liquid mixtures. 
The first part of my thesis describes membranes that can separate oil-water 
mixtures, solely under gravity. Guided by design parameters, we have developed novel 
membranes with hygro-responsive surfaces, which are both superhydrophilic and 
superoleophobic. These membranes are oleophobic both in air and when submerged 
under water. Utilizing these membranes, we have developed capillary force-based 
separation (CFS) methodology that can separate a range of different oil-water mixtures, 
with > 99% efficiency. We have also engineered an apparatus that uses two CFS-based 
operations in parallel, to achieve continuous, solely gravity-driven separation of oil-water 
emulsions, with a separation efficiency > 99.9%. 
xviii 
 
In the second part, we describe that controlled silanization of cellulose-based filter 
papers can create a robust and homogeneous, hygro-responsive, coating on the filter 
surface. This hygro-responsive coating can be applied to filters having pore sizes as small 
as 10 nm. The developed membranes were found to have unique self-cleaning abilities as 
water can displace oil from the membrane surface. This allows the membranes to be 
extremely fouling resistant. We have also demonstrated that our membranes can separate 
surfactant-stabilized oil-in-water emulsions with oil droplets diameter as small as 10 nm.  
The third part of my thesis investigates a separation methodology where the 
separation is triggered on-demand. In the CFS methodology utilizing hygro-responsive 
membranes described previously, the separation takes place instantaneously as soon as 
water contacts the membrane. By contrast, we have also developed a new separation 
methodology where the separation can be triggered by applying an electric field. For an 
effective on-demand separation of oil-water mixtures, both water and oil must be retained 
above the membrane before the application of the electric field. Such membranes have 
been fabricated based on the understanding of the roles of surface texture along with 
surface chemistry. We have also successfully estimated the voltage required to trigger the 
separation using a breakthrough pressure model that incorporates the Maxwell stress and 
the hydrostatic pressure. Finally, we have engineered a continuous oil-water emulsion 
separation apparatus that removes > 99% of the emulsified drops. 
In the final part of this thesis, a new methodology to separate miscible 
components from a liquid mixture is discussed. In order to separate miscible components 
including azeotropes, we have developed a new energy-efficient methodology that 
combines liquid-liquid extraction using surfactant-stabilized emulsions, and solely 
xix 
 
gravity-driven separation of these emulsions into a single unit operation. We have 
demonstrated that our methodology is useful for a wide range of separations, including 
the separation of miscible dyes, alcohols and sulfur compounds from oils, as well as, 
separation of alcohol-hydrocarbon azeotropes.   
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CHAPTER 1 
Introduction 
 
1.1. Basic separation technologies 
Separation operations span across numerous manufacturing industries and account 
for about a quarter of all in-plant energy consumptions in the United States1. The most 
common liquid-liquid separation technique is distillation, which involves the transfer of 
components between vapor and liquid phases2. Distillation utilizes the differences in 
vapor pressure or boiling points among the different mixture components. Similarly, 
crystallization is a technique which exploits the differences in melting points3. Another 
common separation operation is liquid-liquid extraction, where the feed mixture is liquid 
and a second, immiscible liquid phase is added to extract out a component of the feed 
mixture4. Absorption is also widely used for separation if the feed is vapor and a liquid of 
low volatility is added3. In both cases, components in the feed mixture have significantly 
different solubilities within the added phase. Membrane-based separation operation 
which utilizes the differences in permeabilities of components is a relatively new 
technique and of growing importance5. Finally, external fields including centrifugal, 
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thermal, electrical have also been applied in specialized cases to separate mixtures by 
exploiting differences in density, diffusivity and electric charge3.  
For all the different techniques described above, the driving force for separation is 
governed by a change in the thermodynamic equilibrium3. For example, distillation and 
crystallization are thermally driven processes that utilize heat of vaporization or fusion as 
their driving forces. On the other hand, liquid-liquid extraction and membrane-based 
separations are accomplished based on the differences in chemical make-up and physical 
properties of the components to be separated. Their driving forces are typically lower (by 
one or more orders of magnitude) than those for thermally driven processes1. Innovations 
to improve separation technologies are critical for the productivity of different industries, 
in particular for achieving their energy and waste reduction goals. The greatest 
opportunities for energy savings in separation technologies lie in replacing energy-
intensive operations (e.g., distillation) with energy-efficient alternatives (e.g., liquid-
liquid extraction and membrane-based separations). Overall there is a great need and a 
significant opportunity to develop new energy-efficient separation methodologies.   
  
1.2. Separation of immiscible liquids 
1.2.1. Oil-water mixtures 
Separation of immiscible liquid mixtures is crucial not only for scientific research 
but also for numerous environmental, economic and health requirements6-11. One of the 
most ubiquitous, immiscible, liquid mixtures is oil and water. A large amount of oily 
wastewater is produced everyday during industrial processing, such as petrochemical, 
food, textile, leather and metal finishing6. The effect of this wastewater on the 
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environment can be severe, unless it is adequately treated before discharge, as can be 
observed from the many recent oil-spill disasters12-14. In addition, shortage of freshwater 
has become a severe problem in the world, especially in certain underdeveloped 
regions11,15,16. Purification of oily wastewater can enhance the amount of water available 
for use17. Furthermore, expulsion of water from fuel oil is of great concern in petroleum 
and automobile industries because even a small amount of water in the fuel oil may 
damage engines, threatening the safety of the automobile18.  
Mixtures of oil and water from a wide range of industries are classified19, in terms 
the diameter (d) of the dispersed phase, as free oil and water if d > 150 µm, a dispersion 
if 20 µm ≤ d ≤ 150 µm, or an emulsion if d < 20 µm. Stable oil-water emulsions are 
typically prepared in the presence of a surfactant (or dispersant). The functions of 
surfactants are to facilitate emulsification and prevent flocculation and coalescence by 
forming a thin film around the dispersed droplets. Surfactant-stabilized oil-water 
emulsions can exist in several forms. If the oil is dispersed in water, the emulsion is 
termed an oil-in-water (O/W) emulsion. On the other hand, if the water is dispersed in oil, 
the emulsion is termed a water-in-oil (W/O) emulsion. In contrast to simple emulsions, 
multiple emulsions such as oil-in-water-in-oil (O/W/O) or water-in-oil-in-water (W/O/W) 
emulsions can also exist20,21. The type of emulsion which tends to form is governed by 
the balance between the hydrophilic and lipophilic (or oleophilic) properties of the 
surfactants. The amphiphilic nature of surfactants can be expressed in terms of HLB 
(hydrophilic-lipophilic balance) values22. In addition, depending on the concentration of 
the dispersed phase and / or the temperature, an oil-in-water emulsion may invert to a 
water-in-oil emulsion or vice-versa23.  
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1.2.2. Conventional methodologies to separate oil-water mixtures 
Various methodologies including gravity separation, air flotation, oil-absorbing 
materials, coagulation and flocculation have been used to separate oil-water 
mixtures7,19,24,25. Conventional gravity separator and skimming is effective in removing 
free oil. However, it is unsuitable to separate smaller oil droplets and emulsions19. 
Although air flotation method increases the buoyancy of smaller oil droplets and 
enhances separation, it is typically followed by demulsification process with chemicals 
and/or heat25,26. In addition, porous materials are widely used to absorb oils from water in 
case of oil-spills in the ocean. However, these materials not only absorb oil, but also 
water, due to lack of selectivity, resulting in low efficiency27,28. Electrocoagulation or 
adding chemicals can be effective for demulsifying emulsions, but these methods usually 
involve significant energy consumption and secondary pollution29,30. Efficient and 
broadly applicable methodologies to separate various oil-water mixtures, especially those 
stabilized by surfactants remain highly desired.  
Recently, membrane-based technologies have become very attractive for oil-water 
separation because they are relatively energy-efficient, cost-effective, and are applicable 
across a wide range of industrial effluents19,31. In spite of these advantages, the broad 
application of membrane-based technologies in various fields remains limited. The major 
problems are membrane fouling and degradation during use due to surfactant adsorption 
or plugging of membrane pores by oil droplets, resulting in a decline of the flux32,33. Thus, 
there is still a critical need to develop novel materials and methodologies with high 
selectivity, high separation capacity, stability, and fouling-resistant performance.   
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1.3. Fundamentals of interfacial science 
1.3.1. Wettabilities of liquids 
When a droplet of liquid contacts a solid surface, either wetting or non-wetting 
phenomena is observed. Wettability of a liquid droplet depends on the relation of the 
interfacial energies between the solid, liquid, and air. The simplest measure of wetting on 
a solid surface is the contact angles between a liquid droplet and a solid surface. Based on 
previous literature34-36, the whole range of wettability of the solid surface can be 
classified into four regimes using water contact angles (see figure 1.1): superhydrophobic, 
hydrophobic, hydrophilic and superhydrophilic if water contact angles > 150°, > 90°, < 
90° and 0°. In this case, the medium surrounding the water droplet may be either oil or 
air. Similarly, surfaces with oil contact angles > 150°, > 90°, < 90° and 0° are considered 
superoleophobic, oleophobic, oleophilic and superoleophilic respectively. In this case, the 
medium surrounding oil may be either water or air. Typically superhydrophobic or 
superoleophobic surfaces are referred as super-repellent surfaces.  
 
 
Figure 1.1 Surface classification based on water contact angles. (a) superhydrophilic, (b) 
hydrophilic, (c) hydrophobic and (d) superhydrophobic surfaces. Reproduced with 
permission from Kota et al.36 © 2014 NPG Asia Materials. 
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Figure 1.2 shows an ideal contact between a liquid droplet and a smooth solid 
surface. If a liquid droplet is small enough to neglect the effect from gravity, the free 
energy of the whole system becomes minimum when interfacial energies balance to a 
minimum. This is obtained when a liquid droplet makes an equilibrium contact angle  
with the solid surface and air. The equilibrium contact angle or Young’s contact angle 
is described by Young’s equation as37: 
 (Equation 1.1)  
where refers to the interfacial tension and s, v and l refers to solid, vapor (or air) and 
liquid phase respectively. The Young’s relation implies that as the solid-air interfacial 
energy decreases relative to the solid-liquid interfacial energy, the contact angle for a 
given liquid increases38. Although the Young’s contact angle provides the easiest way to 
quantify the degree of wetting, it is difficult to obtain experimentally. This is because the 
solid surface must be ideally smooth and flat in order to measure the Young’s contact 
angle. Instead, experimentally measurable contact angles are often reported. When a 
liquid-air interface is advancing the contact angle takes on a large value than when the 
interface is receding. These contact angles are referred to as the advancing contact angles 
 and receding contact angles . The difference between advancing and receding 
contact angles is known as contact angle hysteresis. 
 
 
 
 
Figure 1.2 A liquid droplet on a smooth solid surface. 
θ
θ
γ lv cosθ = γ sv −γ sl
γ
θadv θrec
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1.3.2. Effect of surface texture on the wettability 
1.3.2.1. Two regimes of wettability 
When a droplet of liquid is placed on a textured (rough) surface, the apparent 
contact angle  on the surface can be significantly different from the Young's contact 
angle. The addition of a liquid droplet on a textured surface may lead to either the Cassie-
Baxter state39 forming a composite solid-liquid-air interface or the ‘fully-wetted’ Wenzel 
state40. In the Cassie-Baxter state (see Figure 1.3a), the liquid droplet attains its 
equilibrium contact angle locally with the surface texture.  
 
 
 
 
 
 
 
 
 
Figure 1.3 Liquid droplets on textured surfaces. (a) A schematic illustration of a liquid 
droplet in the Cassie-Baxter state forming a composite solid-liquid-air interface. (b) A 
schematic illustration of a liquid droplet in the Wenzel state. In this state, the liquid 
droplet completely wets the surface, forming so-called ‘fully-wetted’ interface. 
Reproduced with permission from Kota et al.36 © 2014 NPG Asia Materials. 
 
 
However, it does not completely penetrate all of surface asperities. Consequently, pockets 
of air remain trapped underneath the liquid droplet and thus a composite solid-liquid-air 
θ *
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interface forms. Cassie and Baxter39 suggested that the overall free energy becomes 
minimum when the apparent contact angle reaches a value , which is a weighted 
average between the values of the equilibrium contact angle of the liquid on the solid (i.e., 
) and on the air pocket (i.e., ). The apparent contact angle in this state is often 
calculated using the Cassie-Baxter relation, given as: 
(Equation 1.2)  
where fs and fv are the fractions of solid and air in contact with the liquid per unit 
projected area of the composite interface. The Cassie-Baxter relation can be 
simplified41,42 using and , where is the roughness of the wetted area, which is ratio 
of the actual wetted area to the occluded area, and is the fraction of the projected area 
wet by the liquid. If  and , then equation 1.2 can be rewritten as: 
(Equation 1.3)  
On the other hand, if the contacting liquid droplet cannot make an equilibrium 
contact angle locally with surface texture, the liquid droplet completely penetrates into 
the bottom of pores forming so-called ‘fully-wetted’ interface (see Figure 1.3b). In this 
state, the overall free energy reaches its minimum value when the apparent contact angle 
of the liquid droplet becomes given by the Wenzel relation40 shown as: 
(Equation 1.4)  
where r is the surface roughness defined as the ratio of the actual surface area to the 
projected surface area. The Wenzel relation is a special case of the Cassie-Baxter 
relation41. When or fv = 1 (fully wetted surface),  the Cassie-Baxter relation 
reduces to the Wenzel relation.  
θ *
θ π
cosθ * = fs cosθ + fv cosπ = fs cosθ − fv
rφ φs rφ
φs
fs = rφφs fv = 1−φs
cosθ * = rφφs cosθ + (1−φs )cosπ = rφφs cosθ − (1−φs )
θ *
cosθ * = r cosθ
φs = 1 rφ = r
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Both the Cassie-Baxter and the Wenzel relations predict the apparent contact 
angles on a textured surface utilizing free energy analysis. Also they provide a correlation 
between the apparent contact angle and equilibrium contact angle. Based on their 
relations, very high apparent contact angles can be achieved either in the Wenzel state if 
and r >>1 or in the Cassie-Baxter state if . However, the contact angle 
hysteresis of the two states is markedly different. Typically the contact angle hysteresis in 
the Wenzel state is larger than that in the Cassie-Baxter state. This is because fully-
wetted solid-liquid interface is heavily pinned on numerous asperities present on the 
textured surface43. Liquid droplets, thus, cannot readily recede or roll-off of the textured 
surface. On the other hand, a composite interface in the Cassie-Baxter state typically 
leads to low contact angle hysteresis or low roll-off angle and high apparent contact 
angles when total contact area between the liquid droplet and the solid surface is very 
small43,44. Thus the development of composite interfaces is essential in engineering 
superhydrophobic or superoleophobic surfaces34,45,46. Based on this understanding, there 
have been a large number of non-wetting surfaces synthesized and utilized in various 
applications such as self-cleaning47, anti-fouling48, spill-resistant protective wear49 and 
drag reduction50.  
1.3.2.2. Critical role of re-entrant texture 
Although the development of the Cassie-Baxter state is desirable in engineering 
super-repellent surfaces, not all types of surface textures can lead to the formation of a 
composite interface, especially with oils. For example, consider two different types of 
texture shown in Figures 1.4a and 1.4b, both having the same solid surface energy. While 
θ > 90! φs <<1
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the texture shown in Figure 1.4a is concave (texture angle ) and the texture 
shown in Figure 1.4b is convex ( ) facing upwards.  
 
Figure 1.4 The critical role of re-entrant texture. (a) A schematic illustration of a concave 
texture ( ) showing a liquid droplet with in the Cassie-Baxter state. (b) A 
schematic illustration of a convex texture (re-entrant texture, ) showing a liquid 
droplet with  < 90° in the Cassie-Baxter state. Reproduced with permission from Kota 
et al.36 © 2014 NPG Asia Materials. 
 
 
Previous literature41,42,46,51 proved that formation of the Cassie-Baxter state is only 
possible when . This is because if , the net traction of the surface tension 
points downward due to capillary forces, the liquid instantly proceeds to fully-wet the 
entire texture. The texture shown in Figure 1.4a can still enable formation of a composite 
interface when the Young’s contact angle . In contrast, if the Young’s contact 
angle < 90°, which is unavoidable with low surface tension liquids such as oils, surface 
textures shown in Figure 1.4a cannot maintain the composite interface. However, for the 
same low surface tension liquid with  < 90°, it is still possible to support the composite 
interface as long as  is even smaller than . Such convex geometry with  is 
called re-entrant texture, i.e., the texture bends back on itself 34,46,52,53 (see Figure 1.4b). 
On the re-entrant textured surface, the net traction of the surface tension of liquid points 
upward even for liquids possessing  < 90°. This allows the possibility of the formation 
ψ > 90!
 ψ < 90
!
ψ > 90! θ > 90!
 ψ < 90
!
θ
θ ≥ψ θ <ψ
θ ≥ψ
θ
θ
ψ θ ψ < 90!
θ
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of a composite interface against low surface tension liquids. However, re-entrant texture 
that enables the condition  for low surface tension liquids, is a necessary, but not a 
sufficient condition for the formation of the Cassie–Baxter state41,42,51.  
1.3.3. Robustness of the composite interface 
In real cases, numerous sources including gravity, mechanical vibration, Laplace 
pressure, and Maxwell pressure creates a significant pressure differential across the 
liquid-air interface. This pressure differential may cause disruption of the liquid-air 
interface to proceed to the bottom of the surface texture resulting in the transition from 
the Cassie-Baxter state to the fully-wetted Wenzel state54,55. This transition is typically 
irreversible. Hence it is imperative to estimate breakthrough pressure (i.e., Pbreakthrough, the 
maximum pressure differential across the composite interface that can force a transition 
from the Cassie-Baxter state to the Wenzel state) for the composite interface in designing 
liquid-repellent surfaces. In order to parameterize the Pbreakthrough for a known surface 
texture, previous works45,46 have discussed the robustness factor A*. This is obtained by 
scaling the breakthrough pressure to the reference pressure defined as , 
where is the capillary length of a liquid, is the liquid density and g is the 
acceleration due to gravity. Pref is close to the minimum possible pressure differential 
across a millimeter-sized liquid droplet or a puddle. Consequently, if the ratio of 
Pbreakthrough / Pref is smaller than unity for a given contacting liquid, the surface cannot 
support a composite interface. On the other hand, a high ratio of Pbreakthrough / Pref  implies 
the formation of a robust composite interface that can support high breakthrough pressure.  
For surfaces possessing a cylindrical texture, the robustness factor A* is given as45,46: 
θ ≥ψ
Pref = 2γ lv / lcap
lcap = γ lv / ρg ρ
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(Equation 1.5)  
1.4. Membranes 
1.4.1. Membrane-based separation 
Membrane-based methodologies physically separate a feed mixture into its 
components by allowing one phase to permeate through the membrane (the permeate) 
while retaining the other component (the retentate)1. Since the separation is performed at 
ambient temperature without chemically altering the components, membrane-based 
separation operations consume less energy than other separation methods. The 
transportation of components through the membrane is accomplished due to driving 
forces acting on the individual components in the feed. The driving force can either be a 
gradient in pressure, concentration, temperature or electrical potential56,57. Pressure-
driven membrane operations including microfiltration, ultrafiltration and reverse osmosis 
are commonly used in the separation of oil-water mixtures58. The difference between 
microfiltration, ultrafiltration, and reverse osmosis is the membrane pore size. The pore 
size decreases from microfiltration (0.05 µm ~ 10 µm) to ultrafiltration (1 nm ~ 0.05 µm) 
to reverse osmosis (< 1 nm)57. As a result, the flux through the membrane decreases as 
the pore size decreases17. In addition to the pore size, membrane fouling also leads to a 
reduction in the flux. Pore clogging and/or preferential adsorption of liquid which fouls 
the surface are considered irreversible membrane fouling mechanisms59,60. Chemical 
treatments or membrane replacement is necessary once the flux through the membrane 
declines61,62. The formation of cake layers, another reason that leads to a decline in flux, 
can be mitigated through backflushing63. In addition to the flux and fouling resistance, 
selectivity is also an important characteristic of membranes. This is typically achieved by 
A* =
Pbreakthrough
Pref
=
Rlcap
D2
1− cos(θ )
1+ 2(R / D)sin(θ )
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taking advantage of preferential wettability of one phase over the other. Surface 
modification has been widely used to produce membranes that attain preferential 
wettability64,65. Although appropriate surface modification is effective in controlling 
selectivity as well as fouling resistance60-62, it may lead to a reduction in membrane pore 
size and consequently a decrease in flux66,67. Thus, improvements in the performance of 
membranes often involve fouling mitigation and enhancing selectivity, while attempting 
to minimize the decline of flux.  
1.4.2. Membranes for oil-water separation  
The performance of membrane separation is affected by the properties of 
membrane materials. Membranes are divided into two groups: organic and inorganic 
membranes. The most important type of membrane materials is organic (polymer) due to 
their low cost, superior chemical and mechanical stability68.  
Polymers such as polysulfone, polytetrafluoroethylene (PTFE) and polyvinylidene 
fluoride (PVDF) have been widely used for microfiltration and ultrafiltration membranes 
to separate oil-water mixtures69-72. Most polymeric membranes intrinsically tend to be 
oleophilic, which leads to membrane fouling and a decline in flux during separation 
operation32,33. To overcome these limitations, modifying the wettability of membrane has 
attracted a lot of interest. If a membrane displays preferential wettability for oil and water 
such as hydrophobic (or superhydrophobic) and oleophilic (or superoleophilic), or 
hydrophilic (or superhydrophilic) and oleophobic (or superoleophobic), it may provide 
good selectivity required to achieve the desired separation of oil-water mixtures.  
Hydrophobic and oleophilic membranes can selectively separate oil from oil-
water mixtures. Due to its superior selectivity, high efficiency and applicability to absorb 
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oil from oil-spills, it has attracted broad attention. Typically separation of oil-water 
mixtures utilizing hydrophobic and oleophilic membranes is based on size exclusion and 
selective wettability. Such membranes are composed of hydrophobic and oleophilic 
chemical components and macroporous structures. They typically allow oil to permeate 
through while repelling water. To prepare hydrophobic and oleophilic membranes, 
surface modification of porous substrates has been developed and widely used. Usually, a 
metal mesh such as stainless steel8,73, copper74,75 and nickel73 is used as a support and a 
porous substrate. Fluoro-polymers or molecules are commonly used as surface 
modification materials due to their low solid surface energy8,75.  To enhance the affinity 
of a coating and to promote selective wettability, surface roughness is often introduced 
using electrochemical74,75 and wet etching methods73,76,77. In addition to metal meshes, 
porous polymers have also been used as substrates78. Instead of modifying the surface of 
porous substrates, constructing porous structures directly on polymers is another method 
to fabricate hydrophobic and oleophilic membranes. Electrospinning79 and spray 
coating80 processes are commonly used methods to create polymer films with porous and 
rough structures. These membranes have relatively higher durability and stability during 
performance because their homogeneous chemical composition inhibits delamination of 
the coating materials64.  
Hydrophilic and oleophobic membranes, which can selectively separate water 
from oil-water mixtures, have attracted broad attention recently due to their unique 
advantages. While hydrophobic and oleophilic membranes are easily fouled by oil 
leading to a decline in the flux during operation, hydrophilic and oleophobic membranes 
are resistant to fouling due to their intrinsic oleophobicity. As a result, they show better 
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performance. In addition, hydrophilic and oleophobic membranes are suitable for gravity-
driven separation because water naturally settles below the oil due to its higher density, 
forming a barrier layer that prevents oil permeation. By contrast, hydrophobic and 
oleophilic membranes are typically used in energy- intensive cross-flow filtration 
systems81-83. Furthermore, hydrophilic and oleophobic membranes are superior in fuel 
purification and in the separation of high viscosity oils64. In spite of these numerous 
advantages, it has been considered challenging to develop hydrophilic and oleophobic 
membranes because the surface tension of water is significantly higher than that of oil. 
Recently, a novel membrane, that achieves superhydrophilic and oleophobic properties 
when submerged in water was reported84-86. From Young’s relation (see equation 1.1), 
hydrophilic surfaces in air can become oleophobic under water84,85. In the presence of 
rough structures, water readily wets and fills all the cavities present on a surface, leading 
to a composite solid-oil-water interface. Similar to the composite solid-oil-air interface 
formed on superoleophobic surfaces in air, this new composite interface shows 
superoleophobic properties. This is because water trapped in surface structures prevents 
the permeation of oil droplets, yielding superoleophobicity. Superhydrophilic and 
underwater superoleophobic membranes have been fabricated utilizing hydrogel coated 
meshes86. This membrane can selectively separate water from oil-water mixtures under 
gravity. In addition, it shows anti-fouling properties during separation, which is attributed 
to the low affinity for oil droplets on the membrane under water.  
Although membranes with superhydrophilic and under water superoleophobic 
properties can be used for gravity-driven separation of oil-water mixtures, and are more 
resistant to fouling by oils19, they are unsuitable for the separation of free oil-water 
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mixtures or water-in-oil emulsions because both oil and water can easily permeate 
through them, unless every pore within the membrane is pre-wet by water. Further, oil 
easily permeates through the membrane if water dries out from even a single pore within 
the superhydrophilic membrane, which can typically happen in a matter of minutes31. 
In contrast, superhydrophilic and in air oleophobic (or superoleophobic) 
membranes allow for the separation of oil-in-water emulsions, water-in-oil emulsions and 
free oil and water mixtures without any pre-wetting31. Hydrophilic (superhydrophilic) 
and in air oleophobic materials can be fabricated through proper molecular design by 
combining hydrophilic and low surface energy components87. This hydrophilic and 
oleophobic surface can be further amplified to superhydrophilic and superoleophobic 
surface when surface roughness is introduced88. The mechanism for the hydrophilicity 
and oleophobicity is interpreted as so-called “flip-flop” reconfiguration89. When a water 
droplet is placed onto the surface, the low surface energy constituent can reorganize and 
rearrange to allow water molecules to penetrate into the hydrophilic subsurface. This is 
possible because the low surface energy moieties remain in a relatively mobile state at the 
surface. On the other hand, when an oil droplet contacts the surface, it is repelled by low 
surface energy constituent, and has no affinity to the hydrophilic component64,90. After 
modifying the membrane’s surface with hydrophilic and oleophobic materials, the 
membrane selectively allows only water to permeate through88,90,91.    
Blending a polymer matrix with hydrophilic and oleophobic polymers is also an 
effective method that can be readily achieved. Typically a hydrophilic polymer is blended 
with the host hydrophobic polymer membrane to improve fouling resistance and 
selectivity in the membrane separation92-94. However, introduction of hydrophilic 
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polymers may affect the membrane structure, especially the generation of defects in the 
membranes, which causes the collapse of membranes during operation92. In addition to 
polymer blends with hydrophilic and oleophobic polymers, inorganic nanoparticles have 
been used along with a host polymer69,95,96. Due to the large surface area and 
hydrophilicity of the nanoparticles, the addition of inorganic nanoparticles has been 
demonstrated to also be effective in improving membrane resistance to fouling by oils. 
However, it has been observed that nanoparticles easily form aggregates in the polymer 
membranes due to their poor dispersibility. Further, the membrane may suffer from the 
release of nanoparticles because there is no strong interaction with the host polymer71.  
 
1.5. Design parameters of membranes 
The systematic design of membranes for oil-water separation requires the 
parameterization of two important physical characteristics. One is surface porosity, which 
affects the rate of permeation of one phase (for example water) through the membrane. 
Previous works45,46 have discussed the spacing ratio, D*, which provides a dimensionless 
measure of surface porosity. For membranes possessing a predominantly cylindrical 
texture, such as interwoven meshes or fabrics, D* = (R + D) / R , where R is the radius of 
a cylinder and 2D is the inter-cylinder spacing. Surface porosity increases with increasing 
D*. For surfaces possessing cylindrical or spherical texture, the Cassie-Baxter relation 
can be re-written in terms of D* as45: 
(Equation 1.6) 
 
cosθ * = −1+ 1
D*
[sinθ + (π −θ )cosθ]  
Higher values of D* correspond to a higher fraction of air in the composite 
interface. Thus the surface will be highly non-wetting, i.e., the contacting liquids will 
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display high apparent contact angles, as long as the applied pressure differential across 
the membrane is smaller than the breakthrough pressure. Further, membranes with higher 
values of D* will show a higher permeation rate for the contacting liquid.  
The other vital physical characteristic is the breakthrough pressure Pbreakthrough, the 
maximum pressure differential across the membrane below which the membrane prevents 
the permeation of a given liquid. The robustness factor A* provides a convenient tool to 
predict the stability of the composite interfaces on membrane surfaces34,45,46. Large values 
of A* (A* >>1) indicate the formation of a robust composite interface with very high 
breakthrough pressures. On the other hand, as A* approaches unity, Pbreakthrough 
approaches Pref. Thus, a composite interface on any surface for which A* <1 cannot 
maintain its stability against even small pressure differentials across the liquid–air 
interface, causing the liquid to penetrate into the textured surface and ultimately be fully 
imbibed. To achieve both a high permeation rate for one phase (for example, water) and a 
high breakthrough pressure for the other phase (for example, oil), the two design 
parameters, D* and A* must be maximized. For the membranes to have a high rate of 
permeation for water and a high breakthrough pressure for oil simultaneously, it is 
essential to design the membranes with Awater* ≤1 , Aoil* >1 , and also have high values of 
D*.  
However, D* and A* are strongly coupled for membranes with a periodic 
geometry of cylindrical features45,46. The values of D* increase by either increasing D or 
reducing R (with the other geometric variable held constant), which leads to a decrease in 
A* (see equation 1.5). Thus it is crucial to increase Aoil* without affecting D* in order for 
membranes to maintain a high rate of permeation for water, and a high breakthrough 
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pressures for oil simultaneously. Such an enhancement can be readily achieved by 
introducing low surface energy materials on the solid surface, which leads to increase in 
the values of Young’s contact angle θ (see equation 1.1). Using this approach, the values 
of A* and the breakthrough pressure increase without changing membrane geometry. 
However, lowering the surface energy of the solid may result in omniphobic surfaces, 
which can repel both water and oil46,97-100. If membranes are omniphobic, not only oil but 
also water is repelled by the membrane, and consequently selective permeation of water 
through such membranes may not be observed. To achieve hydrophilic (or 
superhydrophilic) and oleophobic (or superoleophobic) membranes, various approaches 
including blending hydrophilic and oleophobic materials69,71,72,92-94, surface modification 
through chemical reactions101-104, and synthesizing a molecule or polymer which consists 
of hydrophilic and oleophobic constituents88,90,91 have been developed. 
   
1.6. Separation of miscible liquids 
The separation of miscible components from liquid mixtures is also important in 
many industries. For example, in the petroleum refining process, small amounts of 
miscible impurities including sulfur, nitrogen and metal compounds are separated from 
crude oil to produce fuel oil105. Similarly, the high quality of biofuels such as bioethanol 
or biodiesel can only be produced by removing byproducts generated during the 
separation process106. In addition, recovery of organic acids from agroindustrial 
wastewater is essential not only for environmental requirements, but also for economic 
benefits107,108.  
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A large number of methodologies including distillation, evaporation and liquid-
liquid extraction have been used to separate miscible components from a mixture. 
Distillation separates components from a mixture based on differences in their boiling 
points2. Distillation processes are used for the separation of organic chemicals in the 
chemical and petroleum refining industries. Since distillation is a simple and well-
established technology, it is by far the most widely used separation process1. However, 
distillation has low energy efficiency and it requires thermal stability of compounds at 
their boiling points. In addition, it is not suitable for the separation of components with 
similar boiling points such as azeotropes. Although azeotropic distillation is used to 
separate such mixtures, it typically requires changing pressure109,110 or the addition of 
other chemicals to form heterogeneous ternary azeotropes111,112.  
Liquid-liquid extraction is typically used to separate azeotropes and components 
with overlapping boiling points where simple distillation cannot be used. Liquid-liquid 
extraction is a separation technique that separates components of a liquid mixture by 
contact with another insoluble liquid. Components in a liquid mixture are separated based 
on their difference in solubility with the insoluble liquid4. Since liquid-liquid extraction 
can be operated at relatively low to moderate temperatures and near atmospheric pressure, 
large energy savings can be achieved by replacing distillation.  One primary challenge in 
liquid-liquid extraction is to increase contact between the two liquid phases for efficient 
mass transfer. This is typically achieved by employing ultrasonication113 or pumping the 
two liquids through packed columns with high tortuosity114. Emulsions, especially those 
stabilized by surfactants, are known to provide large interfacial area and consequently 
enhance the mass transfer during extraction115,116. However, subsequent separation of 
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those emulsions is challenging. Thus there is still a dire need to develop a novel 
methodology with enhanced mass transfer for extraction and the facile separation of 
emulsions.  
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CHAPTER 2 
Hygro-responsive membranes for effective oil-water 
separation1 
 
2.1. Introduction 
With environmental increasing awareness and tighter regulations, there is a 
critical need to develop sustainable and energy-efficient strategies to separate oils from 
domestic and industrial wastewaters, and to protect sensitive ecosystems from marine oil-
spills2. Oil and water can exist in several forms in the presence of surfactants (or 
dispersants): free, dispersed or emulsified. Surfactant-stabilized mixtures of oil and water 
are classified, in terms of the diameter (d) of the dispersed phase, as free oil and water if 
d > 150 µm, a dispersion if 20 µm ≤ d ≤ 150 µm, or an emulsion if d < 20 µm3. 
Conventional gravity separators and skimming techniques are incapable of separating 
emulsions3. Membrane-based technologies are attractive for demulsification (the 
conversion of an emulsion to a free oil-water mixture) because they are relatively energy-
efficient, cost-effective and applicable across a wide range of industrial effluents3. 
However, for complete oil-water separation, demulsification is typically followed by 
either gravity separation of skimming.  
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Membranes are typically classified as either hydrophobic or hydrophilic4-10. Their 
wettability by oil is often not specified because, in most cases, such membranes are 
oleophilic. Hydrophobic (or superhydrophobic9-11) and oleophilic membranes are 
typically used in energy-intensive cross-flow filtration systems because they are 
unsuitable for gravity-driven oil-water separation4,7,12. This is because water naturally 
settles below oil and against the membrane owing to its higher density, forming a barrier 
layer that prevents oil permeation. Hydrophobic and oleophilic membranes are also easily 
fouled by oil during demulsification7,12. Although conventional hydrophilic membranes 
can be used for gravity-driven demulsification, and are more resistant to fouling3, they 
are unsuitable for the separation of free oil-water mixtures or water-in-oil emulsions 
because both oil and water can easily permeate through them (see figure 2.1). In addition, 
conventional hydrophilic membranes are required to be soaked by water repeatedly to 
prevent permeation of oil.  
The hydrophilic-lipophilic balance (HLB) of the surfactant can be used to predict 
the formation of either an oil-in-water or a water-in-oil emulsion13. However, depending 
on the concentration of the dispersed phase and/or the temperature, an oil-in-water 
emulsion may invert to a water-in-oil emulsion or vice-versa14. In addition, as many as 
three different phases (oil, oil-in-water emulsion or water-in-oil emulsion and water) may 
co-exist in oil-water mixtures14,15. To effect gravity-driven separation of all types of oil-
water mixtures in a single step, the ideal membrane is expected to be hydrophilic (or 
superhydrophilic16) and oleophobic (or superoleophobic17), both in air and when 
submerged in water. However, a membrane that is oleophobic in air typically loses its 
oleophobicity under water, and vice-versa18,19.  
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In this work, we develop novel membranes with hygro-responsive surfaces20, 
which are both sueperhydrophilic (θwater
* ≈ 0! ) and sueperoleophobic ( θoil
* >150! ) both in 
air and under water. Our membrane can separate several liters of oil-water mixtures, 
including surfactant-stabilized emulsions, solely using gravity, in a single-unit operation, 
with > 99.9% separation efficiency, by using the difference in capillary forces acting on 
the two phases. Our separation methodology is solely gravity-driven and consequently is 
expected to be highly energy-efficient. We demonstrate the separation of several liters of 
oil-water mixtures using a scaled-up apparatus. We also demonstrate continuous 
separation of oil-water emulsions for over 100 h without a decrease in flux.  
 
 
 
 
 
 
 
 
 
Figure 2.1 Conventional hydrophilic and oleophilic membranes. (a) and (b) Neat x-
PEGDA  dip-coated mesh 100 and polyester fabric membranes, respectively (see section 
2.2.). Both water (dyed blue) and rapeseed oil (dyed red) readily permeate through these 
membranes. (c) A mesh 100 coated with neat x-PEGDA sandwiched between two 
vertical glass tubes. Both water and rapeseed oil readily permeate through the membrane.  
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2.2. Experimental Procedure 
2.2.1. Materials  
Poly(ethylene glycol)diacrylate (PEGDA) with a number-average molecular mass 
of Mn ≈ 700 Da and its cross-linker 2-hydroxy-2-methyl propiophenone (Dacocur 1173) 
were obtained from Sigma Aldrich. Tecnoflon BR9151 fluoroelastomer was obtained 
from Solvay Solexis. Desmopan9370 polyurethane was obtained from Bayer Material 
Science. 1H, 1H, 2H, 2H-heptadecafluorodecyl polyhedral oligomeric silsequioxane 
(fluorodecyl POSS) was synthesized as described elsewhere17. Asahiklin AK-225 solvent 
was obtained from Structure Probe, Inc. Rapeseed oil, hexadecane, tetrahydrofuran, 
methylene blue (blue dye), oil red-o (red dye), sodium dodecyl sulphate (SDS), 
polysorbate 80 (PS80) and span 80 were obtained from Fisher Scientific. Stainless steel 
meshes of mesh size 100 (R = 56.5 µm, 2D = 138 µm, D* = 2.2), 400 (R = 12.5 µm, 
2D = 37.5 µm, D* = 2.5), 500 (R = 10.2 µm, 2D = 30.5 µm, D* = 2.5) were obtained from 
McMaster Carr. The mesh number refers to the number of openings per inch. The fabric 
Anticon 100 (Rbundle = 150 µm, 2Dbundle = 300 µm, Rfiber = 5 µm, 2Dfiber = 20 µm; D* = 6 
as described elsewhere21) was obtained from VWR. Silicon wafers were obtained from 
the clean room at the University of Michigan. 
2.2.2. Substrate preparation 
Solutions (100 mg/ml) of PEGDA, Darocur1173 and fluorodecyl POSS were 
prepared in Asahiklin AK-225. The PEGDA:Darcour1173 ratio was 95:5 w:w. The 
fluorodecyl POSS concentrations studied were 0, 0.5, 1, 2, 5, 10, 15 and 20 wt%. 
Solutions (10 mg/ml) of Desmopan were prepared in tetrahydrofuran. Small pieces of 
mesh and fabric (2 cm × 2 cm) were dip-coated in the desired solution for 10 min and 
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dried with nitrogen gas at room temperature (~ 22°C) for 5 min. The non-textured 
substrates (silicon wafers, 2 cm × 2 cm) were spin-coated using Speciality Coating 
Systems Spincoater G3P-8 for 30 s at 250−2,000 r.p.m. (0.7g–44.7g). After dip-coating 
or spin-coating, the PEGDA containing surfaces were cross-linked for 5 min using a UVP 
XX-40S UV bench lamp (wavelength, 254 nm). The thickness of the dip-coated layer 
varied between 100 nm and 1 µm. 
2.2.3. Oil-water emulsions 
Hexadecane-in-water emulsions (10:90 v:v, 30:70 v:v and 50:50 v:v) were 
prepared by mixing water and hexadecane using a stir bar (at 700−1,200 r.p.m., or 
3.4g−10.1g) with 0.1–0.5 mg of sodium dodecyl sulphate per milliliter of emulsion, 
whereas 10:90 v:v, 20:80 v:v and 30:70 v:v water-in-hexadecane emulsions were 
prepared with 0.1–0.3 mg of PS80 per milliliter of emulsion and 0.1–0.3 mg of span 80 
per milliliter of emulsion. Over time, a small degree of demulsification was observed for 
some emulsions. We determined whether an emulsion is hexadecane-in-water or water-
in-hexadecane by measuring the electrical resistance with a multimeter. A KDScientific 
KDS-200 syringe pump was used to deliver the feed emulsions during continuous 
separation. 
2.2.4. Characterization techniques 
2.2.4.1. Contact angle measurements 
All measurements of contact angle (in air and under water) were conducted using 
a Ramé–Hart 200-F1 goniometer. All contact angles reported in this work were measured 
by advancing or receding a small volume of liquid (~2 µl) onto the surface using a 2-ml 
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micrometer syringe (Gilmont). At least three measurements were performed on each 
substrate. The typical error in measurements was ±2°. 
2.2.4.2. Microscopy 
Tapping-mode atomic force microscopy was conducted in air and under water 
using a Veeco Innova instrument. Veeco TESPA tips were used for imaging in air, and 
Veeco SNL-10C tips were used for imaging under water. The thickness of the spin-
coated films was determined using an AFM line scan across a scratched location. To 
ensure conformal coating, scanning electron microscopy of the dip-coated surfaces was 
conducted using a Hitachi SU8000 at 5 kV. Optical microscopy of the dry and wet spin-
coated surfaces was conducted using an Olympus BH-2 optical microscope. 
2.2.4.3. Separation efficiency and droplet size distribution 
The water content in both the hexadecane-rich phase and the water-rich phase 
after separation was measured using a Perkin Elmer Pyris 1 TGA. Approximately 50 mg 
of the sample was heated from room temperature to 105 °C at a rate of 5 °C /min, and the 
temperature was held constant at 105 °C for 60 min. Note that the boiling point of 
hexadecane is 287 °C. The loss in weight of water was used to estimate the purity of the 
water-rich phase. The loss in weight of the hexadecane-rich phase was compared with the 
loss in weight of the as-obtained hexadecane to estimate the purity of the hexadecane-rich 
phase. The water content in the hexadecane-rich phase was also determined by injecting 
samples ranging in volume from 10 µl to 0.6 ml into an EM Science AquaStar C3000 
Titrator for coulometric Karl Fischer titration analysis (ASTM D6304). The transmittance 
of the feed emulsions and the permeates was measured using a Cary 50 Bio UV-Vis 
spectrophotometer. The size distribution of the dispersed phase with droplet sizes less 
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than 1 µm was determined by dynamic light scattering using a Malvern Zetasizer Nano 
ZS instrument. 
 
2.3. Results and discussion 
2.3.1. Wetting behavior of water and oil 
Figures 2.2a and 2.2b show the wetting behavior of water (γ lv  = 72.1 mN/m) and 
rapeseed oil (γ lv  = 35.7 mN/m) on a stainless steel mesh 100 (Figure 2.2a, inset) and 
polyester fabric (Figure 2.2b, inset), each dip-coated with a blend of 20 wt% fluorodecyl 
POSS and cross-linked PEGDA (x-PEGDA). For a surface spin-coated with a 20 wt% 
fluorodecyl POSS + x-PEGDA blend (solid surface energy γ sv= 10.5 mN/m, see section 
2.3.2 and Table 2.1), the advancing contact angle for rapeseed oil is θoil,adv = 88°. This 
yields Aoil* values of 8.6 and 4.3 for rapeseed oil on the mesh and fabric membranes, 
respectively. Because Dfabric*  = 6 is greater than Dmesh*  = 2.2, the observed apparent 
advancing contact angle on the dip-coated fabric (θoil ,adv
*  = 152°) is higher than that on 
mesh 100 (θoil ,adv
*  = 125°). However, despite their low surface energies, both the fabric 
and the mesh membranes are readily permeated by water, with θwater,adv
*  = 0°. This is a 
direct consequence of the surface reconfiguration induced by the contacting water 
droplet. 
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Figure 2.2 Wetting behavior of water and oil. (a) and (b) Droplets of water (dyed blue) 
and rapeseed oil (dyed red) on stainless steel mesh 100 (a) and polyester fabric (b). Both 
surfaces have been dip-coated with a 20 wt% fluorodecyl POSS + x-PEGDA blend. 
Insets, morphologies of the respective dip-coated mesh and fabric surfaces. Scale bars, 
500 µm.  
 
 
Figures 2.3a-c shows atomic force microscope (AFM) phase images of x-PEGDA 
and two fluorodecyl POSS + x-PEGDA blends, in air. Whereas crystalline domains are 
absent on the neat x-PEGDA surface (figure 2.3a), the surfaces of both the 10 wt% 
(figure 2.3b) and the 20 wt% (figure 2.3c) blends are completely covered with crystalline 
domains of fluorodecyl POSS. This indicates substantial surface segregation of the 
fluorodecyl POSS molecules, as may be expected owing to their extremely low surface 
energies17.  
 
 
Figure 2.3 AFM phase images of surfaces coated with x-PEGDA (a), a 10 wt% 
fluorodecyl POSS + x-PEGDA blend (b) and a 20 wt% fluorodecyl POSS + x-PEGDA 
blend (c). The phase angle ranges are 0°-115° (a), 0°-25° (b) and 0°-21° (c).  
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2.3.2. Estimation of the solid surface energy 
The equilibrium configuration of a liquid drop on a smooth solid surface is given 
by the Young’s equation (see equation 1.1). Of the four parameters in equation 1.1, the 
liquid surface tension γ lv  and the equilibrium contact angle θ  are readily measurable. In 
order to determine both the solid surface energy 
  
γ svand the solid-liquid interfacial energy 
  
γ sl , another relationship between 
  
γ sv  and 
  
γ sl  is required. Historically, this additional 
relationship is obtained from an equation of state approach22 or a surface energy 
component approach23,24. We adopted the surface energy component approach prescribed 
by Owens and Wendt24 to estimate γ sv . According to this approach, the solid surface 
energy is the sum of contributions from two types of intermolecular forces at the surface: 
(Equation 2.1)!γ sv = γ svd + γ svp !!!
Here γ sv
d  is the component that accounts for the dispersive forces, while γ sv
p  is the 
component that accounts for the polar forces, such as hydrogen bonding. Further, this 
approach postulates that: 
(Equation 2.2)!γ sl = γ sv + γ lv − 2 γ svdγ lvd − 2 γ svpγ lvp !! !
Here, γ lv
d
 and γ lv
p  are the dispersive and polar components of the liquid surface tension, 
respectively. Combining equations 2.1 and 2.2 with the Young’s equation (equation 1.1.) 
and recognizing that the polar component of liquid surface tension is zero (γ lv
p  = 0) for 
non-polar liquids such as oils, the dispersive component of solid surface energy is given 
as: 
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(Equation 2.3) 
  
γ sv
d = γ lv
1+ cosθ
2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
2
  
In equation 2.3, γ lv  is the surface tension of a non-polar liquid and θ  is the equilibrium 
contact angle of the same non-polar liquid on the solid surface. We used rapeseed oil (γ lv  
= 35.7 mN/m) as the non-polar liquid to estimate 
  
γ sv
d . After determining the dispersive 
component γ sv
d , the polar component of the solid surface energy is determined using a 
polar liquid (γ lv
p   0) given as: 
(Equation 2.4) 
  
γ sv
p =
1
γ lv
p
γ lv 1+ cosθ( )
2 − γ sv
d γ lv
d⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥ 
2
  
In equation 2.4, γ lv  is the surface tension of a polar liquid and θ  is the equilibrium 
contact angle for the same polar liquid on the solid surface. We used water (γ lv
d  = 21.1 
mN/m and γ lv
p  = 51.0 mN/m) as the polar liquid to estimate 
  
γ sv
p .  
 
 
 
 
 
 
 
 
Figure 2.4 Solid surface energy. The polar component (
  
γ sv
p ), the dispersive component 
(γ sv
d ), and the total surface energy (γ sv ) values for the as-prepared fluorodecyl POSS + x-
PEGDA blends.  
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We estimated solid surface energy values for the as-prepared fluorodecyl POSS + 
x-PEGDA blends using this approach. Figure 2.4 shows that both the dispersive (γ sv
d ) and 
the polar components (
  
γ sv
p ) of the blend surface energy rapidly decrease with increase 
fluorodecyl POSS concentration. This is due to surface migration of fluorodecyl POSS 
molecules. Table 2.1 summarizes the solid surface energy values estimated by this 
approach using spin-coated flat substrates. Note that for all surfaces containing x-PEGDA, 
the contact angles of water reported in Table 2.1 are the instantaneous values observed 
when water first contacts the solid surface. These values were used to estimate 
  
γ sv
p . 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Table 2.1 Contact angles and surface energies for the materials used. !
Solid surface θoil , adv ! !θoil , rec !! θwater , adv ! !θwater , rec !! γ svd !(mN/m)! γ svp !(mN/m)! γ sv !(mN/m)!
x-PEGDA 10º 0º 0º 0º 35.2 39.5 74.7 
0.5 wt% 
fluorodecyl POSS 
+ x-PEGDA 
20º 0º 15º* 0º 33.6 38.4 72.0 
1 wt% 
fluorodecyl POSS 
+ x-PEGDA 
35º 0º 23º* 0º 29.5 38.4 67.9 
2 wt% 
fluorodecyl POSS 
+ x-PEGDA 
56º 0º 35º* 0º 21.7 38.3 60.0 
5 wt% 
fluorodecyl POSS 
+ x-PEGDA 
88º 76º 75º* 0º 9.6 19.1 28.7 
10 wt% 
fluorodecyl POSS 
+ x-PEGDA 
88º 82º 96º* 0º 9.6 6.4 16.0 
15 wt% 
fluorodecyl POSS 
+ x-PEGDA 
88º 81º 110º* 0º 9.6 1.8 11.4 
20 wt% 
fluorodecyl POSS 
+ x-PEGDA 
88º 85º 115º* 0º 9.6 0.9 10.5 
Desmopan 20º 10º 89º 52º 33.6 2.0 35.6 
50 wt% 
fluorodecyl POSS 
+ Tecnoflon 
88º 78º 120º 100º 9.6 0.3 9.9 
!
*This is the advancing contact angle of water when water first contacts the reconfigurable 
surfaces. After a short duration (the time of wetting), the contact angle on these surfaces 
reduces to 0º. !
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2.3.3. Surface reconfiguration 
Figure 2.5a and 2.5b display optical images of spin-coated surfaces of 20 wt% 
fluorodecyl POSS + x-PEGDA, in air (figure 2.5a) and under water (figure 2.5b). In air, 
the surface is relatively rough, with several fluorodecyl POSS aggregates. However, 
under water, fluorodecyl POSS aggregates disappear to reveal a smoother surface that is 
indicative of surface reconfiguration. PEGDA chains reconfigure to increase their 
interfacial area with water and facilitate enthalpic gains through hydrogen bonding. 
Surface reconfiguration is further confirmed by the absence of large crystalline domains 
in the in situ, underwater AFM phase image (figure 2.5c).  
 
 
 
 
 
Figure 2.5 Surface reconfiguration. (a) and (b) Optical microscopy images of a surface 
coated with a 20 wt% fluorodecyl POSS + x-PEGDA blend in air (a) and under water (b). 
(c) In situ, underwater AFM phase image of a surface coated with a 20 wt% fluorodecyl 
POSS + x-PEGDA blend. The phase angle range is 0º-112º. 
 
 
We conducted multiple water wetting–drying cycles and found that this surface 
reconfiguration is reversible. Figure 2.6a shows drops of rapeseed oil (dyed red) at three 
different locations on a substrate spin-coated with a 20 wt% fluorodecyl POSS + x-
PEGDA blend. At an as-prepared and dry location (i), rapeseed oil shows a contact angle 
of 
  
θoil  = 88° because majority of the surface is covered with fluorodecyl POSS domains. 
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At a location wet by water (ii), the contact angle of rapeseed oil is significantly lower (
  
θoil  = 45°), indicating that the surface has reconfigured to expose the PEGDA chains. At 
a location that was previously wet by water and subsequently dried completely (iii), 
rapeseed oil once again shows a contact angle of 
  
θoil  = 88°, indicating that the surface 
has reverted back to its original configuration, i.e., fluorodecyl POSS domains cover the 
majority of the surface once again. This reversible stimuli-responsive surface 
reconfiguration is similar to the so-called “flip-flop” mechanism discussed in previous 
reports25,26. We conducted multiple water wetting-drying cycles and found the rapeseed 
oil contact angle at a fixed location to cycle between 
  
θoil  ~ 88º (dry) and 
  
θoil  ~ 45º, as 
shown in Figure 2.6b.  
 
 
 
 
 
 
 
Figure 2.6 Reversible surface reconfiguration. (a) rapeseed oil (i) at a dry location, (ii) at 
a location previously wet by water, (iii) at a location that was wet by water and 
subsequently dried. (b) Contact angle of rapeseed oil as a function of water wetting-
drying cycles.  
 
 
We can also theoretically estimate the degree of surface reconfiguration, i.e., the 
relative amounts of x-PEGDA and fluorodecyl POSS in a solid surface previously wet by 
water. For a spin-coated surface of 20 wt% fluorodecyl POSS + x-PEGDA previously 
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wet by water, using equation 2.3 and noting that rapeseed oil shows a contact angle of 
 = 45º (figure 2.6a), we obtain   = 26 mN/m. Similarly, using equation 2.4 and 
noting that water exhibits a contact angle of  = 0º, we obtain  = 46.5 mN/m. 
Thus, != 72.5 mN/m. If the surface were assumed to be completely dry, a Young’s 
contact angle  = 45º corresponds to a surface with ~ 1.5 wt% fluorodecyl POSS + x-
PEGDA blend (see Table 2.1). However, a completely dry surface is unlikely 
immediately after surface reconfiguration. This is evident from a higher value of  = 
46.5 mN/m for the reconfigured surface, compared to  = 39.5 mN/m for neat x-
PEGDA. On the other hand, if the surface were assumed to be completely wet by water, 
γ sv  = 72.5 mN/m corresponds to a surface with ~ 0.4 wt% fluorodecyl POSS + x-
PEGDA blend (see Table 2.1). Based on this analysis, we estimate that after 
reconfiguration, the surface is equivalent to an x-PEGDA blend with ~ 0.4−1.5wt% 
fluorodecyl POSS. 
2.3.4. Time of wetting 
Addition of fluorodecyl POSS causes a systematic increase in the time required 
for surface reconfiguration, as is evident from the increased time of wetting (ToW) for 
water on spin-coated fluorodecyl POSS + x-PEGDA surfaces (figure 2.7a). This is likely 
due to a reduction in the initial interfacial area between PEGDA chains and the 
contacting water droplet with increasing fluorodecyl POSS concentration. We define 
ToW as the time required for the water contact angle on a surface to decrease from its 
initial value to 0°. We also measured ToW for water on the porous mesh and fabric 
membranes (figure 2.7b). On these surfaces, we define ToW as the time required for the 
water droplet to imbibe into the membrane. Membrane imbibition is not instantaneous for 
  
θoil
  
γ sv
d
  
θwater
  
γ sv
p
  
γ sv
  
θoil
  
γ sv
p
  
γ sv
p
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surfaces with reconfigurable chemistry. Rather, the water–air interface progressively 
penetrates into the surface texture and water permeates through the membrane once the 
robustness factor Awater*  ≤ 1. (If the liquid does not permeate through the membrane pores, 
the solid–liquid–air composite interface equilibrates at a location on the membrane where 
the local texture angle (ψ ) is equal to the Young’s contact angle, θ .) From equation 1.5, 
for mesh 100 Awater*  = 1 when θwater  = 18°. Our ToW measurements on the dip-coated 
meshes match closely with the time required for θwater ,adv  to decrease from its initial value 
to 18° (figure 2.7b). 
 
 
 
 
 
 
 
 
Figure 2.7 Time of wetting (ToW). (a) and (b) ToW of water for spin-coated (a) and 
porous (b) substrates. Insets in (a) sho the time-dependent decrease in contact angle for a 
water droplet. Inset in (b) is a schematic illustrating the two scales of texture (bundles and 
individual fibers) for the fabric. The ToW predictions for mesh 100 and fabric 
membranes closely match experimental measurements, as shown in (b).  
 
 
The ToW for water on the dip-coated fabrics was found to be considerably higher 
than ToW on the meshes. This is because water has to progressively wet multiple fibers 
during imbibition. The fabrics used in this work have interwoven bundles of fibers (figure 
! 45 
2.2b, inset). Each bundle contains several layers of smaller individual fibers that offer an 
additional length scale for air entrapment (figure 2.7b, inset). From equation 1.5, for 
water on an individual fiber (Rfiber = 5 µm, Dfiber = 20 µm), Awater*  = 1 when θwater  = 7º. 
Thus, the ToW for water on each layer of the fibers should be the equal to the time taken 
for θwater ,adv  to reach 7º, which is approximately equal to the ToW for water on spin-
coated substrates. Assuming N-layers of individual fibers, the ToW for water on the 
fabric surface should be N times the ToW for water on the spin-coated surface. Fitting the 
experimental data with this N-layer model yields a best fit for N = 9, which appears to be 
a reasonable estimate, based on figure 2.2b, inset. 
2.3.5. Batch separation of oil-water mixtures 
Very few reports on membrane separation27-29 and microfluidics30,31 have used the 
difference in capillary forces acting on the individual phases as the primary mechanism to 
separate emulsions or dispersions. We call this methodology capillary force-based 
separation (CFS). In CFS, the wetting phase permeates through the membrane, while the 
non-wetting phase is retained. From equation 1.5, the breakthrough pressure required to 
force the non-wetting phase through a membrane already saturated by the wetting phase 
is 
(Equation 2.5) ! 
Here γ 12  is the interfacial tension between the wetting phase and the non-wetting phase, 
and θ  is the contact angle of the non-wetting phase on the solid surface, both of which 
are completely immersed in the wetting phase. When pressure Papplied < Pbreakthrough is 
applied, only the wetting phase permeates through the membrane. We use CFS in this 
 
Pbreakthrough =
2Rγ12
D2
1− cos(θ′)
1+ 2(R / D)sin(θ′)
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work because it combines both demulsification and separation into a single-unit 
operation, it provides a very high-quality permeate and it is inherently self-repairing31. 
For a CFS–based system to work effectively, it is necessary that the wetting phase 
contact the membrane. There are several techniques to achieve this goal: gravity-driven 
(if the wetting phase has a higher density than the non-wetting phase), electrostatic32 (if 
the wetting phase is a polar liquid), forced convection4,7,12, etc. Here we demonstrate 
separation of various oil-water mixtures utilizing solely gravity.  
2.3.5.1. Separation of free oil and water  
 
 
 
 
 
 
 
 
 
Figure 2.8 Batch separation of free oil and water. (a) Separation apparatus with water 
above the membrane. (b) Rapeseed oil is added above water. (c) Water permeates 
through the membrane whereas rapeseed oil is retained. Inset, water droplet on a surface 
spin-coated with a 20 wt% fluorodecyl POSS + x-PEGDA blend, rapeseed oil droplet on 
top of the water droplet, rapeseed oil droplet on the reconfigured surface.  
 
 
Figures 2.8a-c show the solely gravity-driven CFS of free rapeseed oil and water 
using a mesh 100 (2D = 138 µm) coated with a 20 wt% fluorodecyl POSS + x-PEGDA 
blend. Water is added to the upper tube (figure 2.8a) immediately followed by rapeseed 
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oil (figure 2.8b). The corresponding insets in figures 2.8a and 2.8b show a drop of water 
placed on a spin-coated surface of 20 wt% fluorodecyl POSS + x-PEGDA, and a drop of 
rapeseed oil immediately placed on top of the drop of water, respectively. Upon surface 
reconfiguration, water permeates through the membrane, while rapeseed oil is retained 
above the membrane (figure 2.8c). On a spin-coated 20 wt% fluorodecyl POSS + x-
PEGDA surface, previously wet by water, a drop of rapeseed oil displays a contact angle 
of θoil ,adv  = 45º (figure 2.8c, inset). Thus, for rapeseed oil on the membrane, the 
robustness factor Aoil*  = 3.2. Consequently, rapeseed oil is retained above the membrane. 
Water permeates through the membrane at Awater* ≈ 1.2.  
The experimentally measured flux of water through the membrane (mesh 100; 
2D = 138 µm), Qwater ≈ 43,200 L/m2-h. This is significantly lower than the flux of the 
water (µ ~ 1 mPa-s), Qwater = 509,000 L/m2-h, predicted using the Hagen-Poiseuille 
relation33.  This is because the number of pores through which water is flowing at any 
given time (so called “active pores”) in CFS can be significantly lower (~1–10%) than 
the actual number of pores30. Comparing the measured and the predicted fluxes, we 
estimate that ~ 8.5% of the total pores are active during the separation of free oil and 
water. 
2.3.5.2. Separation of oil-in-water emulsions 
Figure 2.9a shows representative optical image of the hexadecane-in-water 
emulsion (50 vol% hexadecane) stabilized using sodium dodecyl sulphate (SDS; 
hydrophilic–lipophilic balance, HLB = 40). We determined the size distributions of the 
dispersed phase in feed emulsions and permeates using two techniques – optical 
microscopy image analysis for droplets above 1 µm in diameter and dynamic light 
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scattering (DLS) for droplets below 1 µm. Figure 2.9b shows the number size 
distributions of the dispersed phase in hexadecane-in-water feed emulsions determined 
using image analysis. The average size of dispersed phase in the feed emulsions is 
between 10−20 µm. Figure 2.9c shows the number size distributions of the dispersed 
phase in hexadecane-in-water feed emulsions, determined using DLS. The size of 
dispersed phase in the feed emulsions varies between 100−500 nm. 
 
 
 
 
 
 
 
 
Figure 2.9 Size distributions of hexadecane droplets in the hexadecane-in-water feed 
emulsion. (a) A representative optical microscopy image of 50:50 v:v hexadecane-in-
water feed emulsion. Scale bar, 500 µm. (b) and (c) The number size distributions for the 
hexadecane-in-water feed emulsion fro droplets > 1 µm and < 1 µm, respectively.  
 
 
Figures 2.10a and 10b show solely gravity-driven CFS of a hexadecane-in-water 
emulsion (50 vol% hexadecane). The separation apparatus consists of a mesh 400 
(2D = 37.5 µm), dip-coated with a 20 wt% fluorodecyl POSS + x-PEGDA blend and 
sandwiched between two vertical glass tubes. We used the superhydrophilic and 
oleophobic meshes as they are available in a range of different pore sizes, allowing us to 
systematically vary the membrane porosity. Our superhydrophilic and superoleophobic 
fabrics show a similar performance. The emulsion is added to the upper tube (figure 
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2.10a). Once water in the emulsion contacts the membrane, the surface starts to 
reconfigure. Within minutes, the water-rich permeate passes through the membrane while 
the hexadecane-rich retentate is retained above the membrane (figure 2.10b). Membrane 
oleophobicity under water is critical for the separation of hexadecane-in-water emulsions 
(figure 2.10a, inset).  
 
 
 
 
 
 
 
Figure 2.10 Batch separation of oil-in-water emulsion. (a) Separation apparatus with a 
50:50 v:v hexadecane-in-water emulsion above the membrane. Inset, hexadecane droplet 
on a surface spin-coated with a 20 wt% fluorodecyl POSS + x-PEGDA blend, submerged 
in water containing dissolved SDS (1 mg/ml). (b) Water-rich permeate passes through the 
membrane whereas hexadecane-rich retentate is retained. Water is dyed blue and 
hexadecane is dyed red. Scale bar, 2 cm.  
 
 
Figures 2.11a and 11b show the number size distributions of the permeates 
obtained from separation of hexadecane-in-water emulsion using mesh 400 (2D = 37.5 
µm) and mesh 500 (2D = 30.5 µm), respectively. These were determined using image 
analysis. The average size of the dispersed phase in both permeates is 10−20 µm. 
Comparing hexadecane-in-water feed emulsion with the permeates, it is evident that 
nearly all hexadecane droplets above 40 µm were removed during separation. Figures 
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2.11c and 11d show the number size distributions of the permeates obtained from the 
separation of the hexadecane-in-water emulsion using mesh 400 and mesh 500, 
respectively. These were determined using DLS. The average size of dispersed phase in 
both the permeates is approximately 100 nm. Comparing the hexadecane-in-water feed 
emulsion with the permeates, it is evident that the droplet distribution below 1 µm 
remains unchanged during separation.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11 Size distributions of dispersed phase in permeates. (a) and (b) The number 
size distributions of the permeate from the separation of 50:50 v:v hexadecane-in-water 
emulsion using mesh 400 and mesh 500, respectively, obtained with optical image 
analysis. (c) and (d) The number size distributions of the permeate from the separation of 
50:50 v:v hexadecane-in-water emulsion using mesh 400 and mesh 500, respectively, 
obtained with DLS. 
 
 
Thermogravimetric analyses (TGA; figure 2.12a) indicate that the water-rich 
permeate contains ~ 0.1 wt% hexadecane, whereas the hexadecane-rich retentate contains 
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~ 0.1 wt% water. In addition to using TGA, we conducted transmittance measurements in 
order to estimate the permeate (water-rich phase) quality in batch separation relative to 
the feed emulsions. Figure 2.12b shows the transmittance of 50:50 v:v hexadecane-in-
water (absorbance normalized to 1), transmittance of the corresponding permeate, and 
transmittance of pure water between 390 nm and 750 nm (visible spectrum). It is evident 
that both the feed emulsions are very turbid, while the corresponding permeate are very 
clear. This indicates that CFS used here leads to nearly complete separation. We also 
estimated the degree of separation by comparing the density of the permeates with 
density calibration curves (figure 2.12c). We developed the calibration curves by 
measuring the densities of hexadecane-water mixtures with different hexadecane 
compositions (0 wt%, 1 wt% and 2 wt%). We measured the density of the permeate from 
separation of the 50:50 v:v hexadecane-in-water emulsions to be 1.004±0.003 g/cm3. 
Comparing them with the calibration curves indicates that the permeate have significantly 
< 1 wt% hexadecane, confirming the separation efficiency for the CFS processes to be > 
99%. Additional experiments showed that we can similarly separate, with > 99% 
efficiency, hexadecane-in-water emulsions containing 10 vol% and 30 vol% hexadecane. 
We also conducted experiments with hexadecane-in-water emulsions containing salt 
(sodium chloride). As with the non-saline emulsions, we could separate saline emulsions 
with > 99% efficiency.  
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Figure 2.12 TGA, Transmittance and density measurements. (a) TGA data for the 
permeate and retentate. HD, hexadecane. (b) Transmittance of 50:50 v:v hexadecane-in-
water feed emulsion and the permeate. (c) Density of hexadecane-in-water mixtures as a 
function of hexadecane (HD) composition.  
 
 
2.3.5.3. Separation of water-in-oil emulsions 
Figure 2.13a shows representative optical image of the water-in-hexadecane 
emulsion (30 vol% water) stabilized using Polysorbate80 (PS80; HLB = 15). Figure 
2.13b shows the number size distributions of the dispersed phase in hexadecane-in-water 
feed emulsions determined using image analysis. The average size of dispersed phase in 
the feed emulsions is between 10−20 µm. Figure 2.13c shows the number size 
distributions of the dispersed phase in water-in-hexadecane feed emulsions, determined 
using DLS. The size of dispersed phase in both the feed emulsions varies between 
100−500 nm. 
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Figure 2.13 Size distributions of water droplets in the water-in-hexadecane feed 
emulsion. (a) A representative optical microscopy image of 30:70 v:v water-in-
hexadecane feed emulsion. Scale bar, 200 µm. (b) and (c) The number size distributions 
for the water-in-hexadecane feed emulsion fro droplets > 1 µm and < 1 µm, respectively.  
 
 
Figures 2.14a and 14b show the solely gravity-driven CFS of a water-in-oil 
emulsion (30 vol% water) stabilized using PS80. The apparatus is the same as that used 
for the separation of oil-in-water emulsions. The emulsion is added to the upper tube 
(figure 2.14a). Once water droplets within the emulsion contact the membrane, the 
surface starts to reconfigure. Before the breakthrough of the water-rich permeate, 
hexadecane is retained above the membrane because of membrane oleophobicity in air. 
After surface reconfiguration, the water-rich permeate passes through the membrane 
while the hexadecane-rich retentate is retained above the membrane (figure 2.14b). 
During the permeation of the water-rich permeate, the hexadecane-rich retentate is 
retained above the membrane because of membrane oleophobicity under water. 
Membrane oleophobicity, both in air and under water, is critical for separating water-in-
hexadecane emulsions.  
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Figure 2.14 Batch separation of water-in-oil emulsion. (a) Apparatus with a 30:70 v:v 
water-in-hexadecane emulsion above the membrane. Inset, hexadecane droplet on a 
surface spin-coated with a 20 wt% fluorodecyl POSS + x-PEGDA blend, submerged in 
water containing dissolved PS80 (1 mg/ml). (b) Water-rich permeate passes through the 
membrane whereas hexadecane-rich retentate is retained. Water is dyed blue and 
hexadecane is dyed red. Scale bar, 2 cm.  
 
 
TGA (figure 2.15a) and transmittance (figure 2.15b) measurements  indicate that 
the permeate contains ~ 0.1 wt% hexadecane, whereas the retentate contains ~ 0.1 wt% 
water. We measured the density of the permeate to be 1.006±0.004 g/cm3. Comparing 
them with the calibration curves (see figure 2.12c) indicates that the permeate have 
significantly < 1 wt% hexadecane, confirming the separation efficiency for the CFS 
processes to be > 99%. Additional experiments showed that we can similarly separate, 
with > 99% efficiency, water-in-hexadecane emulsions containing 10 vol% and 20 vol% 
water. Further, we can also similarly separate span80 (HLB = 4.3) stabilized water-in-
hexadecane emulsions containing 10 vol%, 20 vol% and 30 vol% water, with > 99% 
efficiency.  
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Figure 2.15 TGA and transmittance measurements. (a) TGA data for the permeate and 
retentate. HD, hexadecane. (b) Transmittance of 30:70 v:v water-in- hexadecane feed 
emulsion and the permeate.  
 
 
2.3.5.4. Separation of four-component mixtures 
 
 
 
 
 
 
Figure 2.16 Batch separation of four component mixtures. (a) Apparatus with four-
component mixture above the membrane. Inset, larger quantity of the feed in a glass vial, 
depicting the presence of different phases. (b) Water-rich permeate passes through the 
membrane whereas hexadecane-rich retentate is retained. Water is dyed blue and 
hexadecane is dyed red. Scale bar, 2cm. (c) TGA data for the permeate and retentate. HD, 
hexadecane.  
 
 
Figures 2.16a and 16b show the separation of a mixture containing four 
components: water, hexadecane, water-in-hexadecane emulsion and hexadecane-in-water 
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emulsion. Again, mesh 400 dip-coated with a 20 wt% fluorodecyl POSS + x-PEGDA 
blend separated this mixture into highly pure constituents, that is, a permeate containing 
~ 0.1 wt% hexadecane and a retentate containing ~ 0.1 wt% water, as confirmed by TGA 
(figure 2.16c).  
2.3.6. Estimation of hexadecane-water interfacial tension in the presence of 
surfactants 
We estimated hexadecane-water interfacial tension 
  
γ ow  in the presence of 
surfactants by using the relationship postulated by previous work23:  
(Equation 2.6) 
  
γ ow = γ ov +γwv − 2 γ ovd γwvd ! ! ! !  
Note that here we use 
  
γ ow to refer to hexadecane-water interfacial tension. 
  
γ ov  and 
  
γwv  are 
the surface tensions, and 
  
γ ov
d  and 
  
γwv
d  are the dispersive components of the surface 
tensions of hexadecane and water, respectively, in the presence of surfactants. 
Recognizing that 
  
γ ov  = 
  
γ ov
d  for hexadecane (non-polar liquid), three unknown parameters 
(i.e., 
  
γ ov , 
  
γwv  and 
  
γwv
d ) are required to determine 
  
γ ow. We used three different experiments 
to estimate these three parameters: 
(i) Estimation of surface tension of hexadecane (
  
γ ov ) with surfactants: 
We used the capillary rise method to estimate 
  
γ ov . According to this method: 
(Equation 2.7) 
  
γ ov =
ρoilgrhoil
2cosθoil
! ! ! !  
Here, 
  
ρoil  = 0.77 g/ml is the density of hexadecane, g = 9.81 m/s
2 is the acceleration due 
to gravity, and r = 200 µm is the radius of the glass capillary used. We measured the 
capillary rise of hexadecane, 
  
hoil  = 2.9 cm and 
  
hoil  = 3.3 cm, with SDS and PS80, 
respectively. The contact angle of hexadecane on glass was measured to be 
  
θoil  = 0° with 
! 57 
both surfactants. Using these values in equation 2.7, we determined 
  
γ ov  = 21.9 mN/m and 
  
γ ov  = 24.9 mN/m with SDS and PS80, respectively. 
(ii) Estimation of surface tension of water (
  
γwv ) with surfactants: 
We used the capillary rise method to estimate 
  
γwv  as well. According to this method: 
(Equation 2.8) γ wv =
ρwatergrhwater
2cosθwater
! ! ! !  
Here, 
  
ρwater  = 1.0 g/ml is the density of water, g = 9.81 m/s
2 is the acceleration due to 
gravity, and r = 200 µm is the radius of the glass capillary used. We measured the 
capillary rise of water, 
  
hwater  = 4.5 cm and 
  
hwater  = 4.6 cm, and the contact angle of water 
on glass, 
  
θwater  = 0° with SDS and 
  
θwater  = 0° with PS80. Using these values in equation 
2.8, we determined 
  
γwv  = 44.1 mN/m and 
  
γwv  = 45.1 mN/m with SDS and PS80, 
respectively. 
(iii) Estimation of the dispersive component of water surface tension (
  
γwv
d ) with 
surfactants 
The solid-water interfacial tension for a non-polar solid such as 50 wt% fluorodecyl 
POSS + Tecnoflon is given as: 
(Equation 2.9) γ sw = γ sv + γ wv − 2 γ svdγ wvd ! ! ! !  
Here, 
  
γ sv  = 9.9 mN/m is the solid surface energy (see Table 2.1), 
  
γwv  is the surface 
tension of water with surfactants, 
  
γ sv
d  = 9.6 mN/m is the dispersive component of the solid 
surface energy (see Table 2.1) and 
  
γwv
d  is the dispersive component of the surface tension 
of water with surfactants. The 50 wt% fluorodecyl POSS + Tecnoflon blend was chosen 
because it is nearly completely non-polar and does not reconfigure when in contact with 
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water or hexadecane. Combining equation 2.9 with Young’s equation (equation 1.1), we 
obtain: 
(Equation 2.10) 
  
γwv
d =
γwv 1+ cosθ( )[ ]2
4γ svd
! ! ! ! !  
On a spin-coated surface of 50 wt% fluorodecyl POSS + Tecnoflon, we measured the 
contact angles of water 
  
θwater  = 94° and 
  
θwater  = 95° with 0.5 mg/ml of SDS and 0.3 
mg/ml of PS80, respectively. Using these values and the previously estimated values of 
  
γwv  in equation 2.10, we determined 
  
γwv
d  = 43.8 mN/m and 
  
γwv
d  = 44.1 mN/m with SDS 
and PS80, respectively. 
Using the values estimated from the above three experiments in equation 2.6, we 
determined 
  
γ ow = 4.0 mN/m and 
  
γ ow = 3.7 mN/m with SDS and PS80, respectively. As 
may be expected, these values are significantly lower than the hexadecane-water 
interfacial tension (
  
γ ow = 51.4 mN/m) in the absence of surfactants. 
2.3.7. Breakthrough height 
For the separation apparatus used in the batch separation, the maximum height of 
the liquid column before the oil phase permeates through the membrane (hbreakthrough) can 
be obtained using equation 1.5 when the membrane is in air or equation 2.5 when the 
membrane is submerged under water. Note that Pbreakthrough = ρghbreakthrough. For free oil 
and water separation, θoil,adv  = 45°, γ lv  = 35.7 mN/m and hbreakthrough is predicted to be 
1.3 cm (Pbreakthrough = 117 Pa) using equation 1.5. For the SDS stabilized 50:50 v:v 
hexadecane-in-water emulsion, θoil,adv  = 120° (figure 2.10a, inset), γ 1,2  = 4.0 mN/m
 and 
hbreakthrough is predicted to be 2.3 cm (Pbreakthrough = 198 Pa) using equation 2.5. For water-
in-oil emulsions, hbreakthrough should be predicted using equation 1.5 before the 
! 59 
breakthrough of the water-rich permeate and using equation 2.5 during the permeation of 
the water-rich permeate. The lower value of the two predicted breakthrough heights 
limits the operating height. For the PS80 stabilized 30:70 v:v water-in-hexadecane 
emulsion, before the breakthrough of the water-rich permeate, θoil,adv  = 70°, 
γ lv  = 24.9 mN/m and hbreakthrough is predicted to be 6.3 cm (Pbreakthrough = 519 Pa) using 
equation 1.5. For the same emulsion, during the permeation of the water-rich permeate, 
θoil,adv  = 125° (figure 2.14a, inset), γ 1,2  = 3.7 mN/m and hbreakthrough is predicted to be 
2.4 cm (Pbreakthrough = 198 Pa). Consequently, the operating height during the water-in-
hexadecane emulsion separation is limited by hbreakthrough during the permeation of the 
water-rich permeate. Indeed, these predicted values of hbreakthrough closely match 
experimentally measured values of 1.3 cm, 2 cm and 2.2 cm for the free oil and water, 
hexadecane-in-water emulsion and water-in-hexadecane emulsion separation, 
respectively. In order to ensure CFS, we used an operating height h < hbreakthrough in all our 
separation operations. 
2.3.8. Continuous separation of oil-water emulsion 
In the batch separation apparatus design, oil accumulates above the membrane 
over time and will eventually break through once the operating height > hbreakthrough. 
Therefore, we developed a continuous oil–water separation apparatus (figure 2.17a), with 
two CFS-based operations in parallel, using a superhydrophilic and oleophobic 
membrane at the bottom and a hydrophobic and oleophilic membrane on the side wall. 
The feed emulsion is fed into the glass tube at a constant rate using a syringe pump. 
Water (dyed blue) permeates through the superhydrophilic and oleophobic membrane at 
the bottom, while hexadecane (dyed red) permeates through the hydrophobic and 
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oleophilic membrane on the side-wall. Using this apparatus, we achieved continuous, 
solely gravity-driven CFS of oil–water emulsions. 
 
 
 
 
 
 
 
Figure 2.17 Continuous separation of water-in-oil emulsion. (a) A scaled-up apparatus 
used for the continuous separation of 30:70 v:v water-in-hexadecane emulsions stabilized 
by PS80. During continuous separation, water-rich permeate continuously passes through 
the superhydrophilic and oleophobic membrane at the bottom, whereas hexadecane-rich 
permeate continuously passes through the hydrophobic and oleophilic membrane on the 
side-wall. Water is dyed blue and hexadecane is dyed red. Scale bar, 5 cm. (b) TGA data 
for both the permeates. HD, hexadecane.  
 
 
TGA (figure 2.17b) indicates that the water-rich permeate contains ~ 0.1 wt% 
hexadecane and that the hexadecane-rich permeate contains ~ 0.1 wt% water, which is 
the limit of detection using TGA. Karl Fischer analysis34 indicates that the hexadecane-
rich permeate contains ~25 ± 8 ppm. water (i.e., ~ 0.0025 wt% water). Note that the as-
obtained hexadecane contains ~20 ± 5 ppm. water. Further, the solubility of water in 
hexadecane at room temperature is between ~20-50 ppm35,36. This indicates that we are 
removing nearly all of emulsified water droplets during the operation.  
We computed the fraction of emulsified water droplets removed from water-in-
hexadecane emulsions during the separation. 100 ml of 30:70 v:v water-in-hexadecane 
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feed emulsion contains 30 ml of water and 70 ml of hexadecane. We determined the 
volume fraction of emulsified water droplets (< 20 µm) in our feed emulsions to be 0.018 
from the volume size distribution (figure 2.18).  Thus, the volume of emulsified water 
droplets in 100 ml of feed emulsion is 0.54 ml. In continuous separation, 100 ml of feed 
emulsion results in approximately 30 ml of water-rich permeate and 70 ml of 
hexadecane-rich permeate. Karl Fischer analysis indicates that the amount of water in the 
hexadecane-rich permeate is ~ 0.0025 wt%, which is equivalent to ~ 0.0019 vol%. Thus, 
the volume of water in the hexadecane-rich permeate is 0.0013 ml. Even if we assume 
that the size of all the water droplets in the hexadecane-rich permeate is < 20 µm, 
comparing the volume of the emulsified water droplets in the feed emulsion (0.54 ml) to 
that in the hexadecane-rich permeate (0.0013 ml), we conclude that the volumetric 
fraction of emulsified droplets removed during separation is at least 99.8%. Thus, it is 
clear that the membrane allows for the removal of dispersed-phase droplets that are 
considerably smaller than the membrane pore size (2D = 37.5 µm).  
 
 
 
 
 
 
 
Figure 2.18 Volume size distribution. Volume size distribution of water droplets for the 
30:70 v:v water-in-hexadecane feed emulsion. The dashed region represents droplets 
below 20 µm (emulsified droplets).  
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2.3.9. Location and concentration of surfactant after separation 
We estimated the amount of surfactant in the permeates after emulsion separation 
by measuring their contact angles and comparing them with calibration curves of contact 
angles of water and hexadecane as a function of surfactant concentration. The calibration 
curves were developed by measuring the contact angles on flat surfaces spin-coated with 
a 50 wt% fluorodecyl POSS + Tecnoflon blend. The 50 wt% fluorodecyl POSS + 
Tecnoflon blend was chosen because it is nearly completely non-polar (see Table 2.1) 
and it does not reconfigure when in contact with water or hexadecane. Figures 2.19a and 
19b show the advancing and receding contact angles of water as a function of SDS and 
PS80 concentration. Figure 2.19c shows the advancing and receding contact angles of 
hexadecane as a function of PS80 concentration. As SDS is nearly insoluble in 
hexadecane, we could not obtain the corresponding calibration curve. 
 
 
Figure 2.19 Location and concentration of surfactant after emulsion separation. (a) and 
(b) Advancing and receding contact angles of water as a function of SDS concentration 
and PS80 concentration, respectively. (c) Advancing and receding contact angles of 
hexadecane as a function of PS80 concentration. 
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Consider the permeate (~ 99.9% water) from batch separation of SDS stabilized 
hexadecane-in-water emulsion. The advancing and receding contact angles of the 
permeate from hexadecane-in-water emulsion separation are 94°±2° and 39°±4°. By 
comparing these contact angles with figure 2.19a, it is evident that the concentration of 
SDS in the permeate is approximately 1 mg/ml. In other words, after separation, nearly 
all the surfactant is in the permeate. This is likely due to the fact that SDS is virtually 
insoluble in hexadecane.  
Now consider the two permeates (~ 99.9% water) from continuous separation of 
PS80 stabilized water-in-hexadecane emulsion. The advancing and receding contact 
angles of the water-rich permeate through the hydrophilic and oleophobic membrane are 
98°±2° and 38°±4°, while those of the hexadecane-rich permeate through the 
hydrophobic and oleophilic membrane are 76°±2° and 56°±4°. By comparing these 
contact angles with figures 2.19b and 19c, it is evident that the concentration of PS80 in 
the permeate through the hydrophilic and oleophobic membrane is between 0.8"1 mg/ml, 
while the concentration of PS80 in the permeate through the hydrophobic and oleophilic 
membrane is between 0"0.2 mg/ml. 
2.3.10. Prediction of permeates fluxes during continuous separation of water-in-
hexadecane emulsions 
Fluxes of water-rich and hexadecane-rich permeates through the membranes were 
measured to be 90 and 210 L/m2-h, respectively. These values are comparable to those 
reported in previous work on membrane separation under externally applied 
pressures4,5,7,12,37,38. Furthermore, in intermittent stop-and-go operation, the fluxes did not 
decrease over a period of 100 hr (see figure 2.20 and Table 2.2), indicating that the 
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membranes are highly resistant to fouling by oil. Membrane wettability, and the 
considerably larger pore sizes of the membranes used here, compared with those used 
traditionally4,6,8,12, are expected to be two major contributing factors towards the observed 
resistance to fouling.  
 
 
 
 
 
 
 
Figure 2.20 Measured fluxes for both the permeates as a function of time.  
 
We seek to predict the flux of water-rich permeate through the superhydrophilic 
and oleophobic mesh 400 and the flux of hexadecane-rich permeate through the 
hydrophobic and oleophilic mesh 400 used in the continuous separation of 30:70 v:v 
water-in-hexadecane emulsions. In this analysis, we assume that the water-rich permeate 
(≤ 0.1 wt% hexadecane) and the hexadecane-rich permeate (≤ 0.1 wt% water) have the 
same fluid flow characteristics as those of pure water and pure hexadecane, respectively. 
Consider the flow of water-rich permeate through the superhydrophilic and 
oleophobic membrane. For a 30:70 v:v water-in-hexadecane emulsion column of height 
1.2 cm above mesh 400 (R = 12.5 µm, 2D = 37.5 µm), the flux of water-rich permeate 
(µ  = 1 mPa-s) predicted using the Hagen-Poiseuille relation33 is 88,400 L/m2-h. This is 
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three orders of magnitude higher than the experimentally measured flux of 90 L/m2-h 
(see figure 2.20 and Table 2.2). Such a large discrepancy arises from the assumption that 
the water droplets (dispersed phase) are constantly in contact with the membrane, so that 
they may readily permeate through, without any discontinuity. In reality, a majority of the 
dispersed water droplets are not in physical contact with the membrane. Each dispersed 
water droplet must settle (or sediment) under gravity, reach the membrane, wet the 
membrane and permeate through. The rate of sedimentation decreases rapidly as the size 
of the dispersed water droplets decreases. Consequently, the flux for the water-rich 
permeate is limited by the rate of sedimentation of water droplets. In previous work39, a 
comprehensive analysis on the sedimentation velocity vd  of droplets in dispersions was 
conducted to arrive at equations 2.11-14 and validated them through extensive sets of 
experiments. They suggest: 
(Equation 2.11) vd = vr 1−αd( ) ! ! ! ! ! ! !
(Equation 2.12) vr2 =
8
3
rd
CDρc
(ρd − ρc ) ! ! ! ! ! ! !
(Equation 2.13) CD =
24
Re ! ! ! ! ! ! !
(Equation 2.14) Re = 2rdρcvr
µm ! ! ! ! ! !
Here, vr is the relative velocity between the dispersed and the continuous phases, rd is the 
radius of the dispersed phase droplets, CD is the drag coefficient, rc and rd are the 
densities of the continuous and the dispersed phase, ad is the volume fraction of the 
dispersed phase, and µm is the effective viscosity of the mixture. For the 30:70 v:v water-
in-hexadecane emulsion used in this work, rc = 0.77 g/cm3, rd = 1 g/cm3, ad = 0.3 and µm 
= 2.5 mPa-s. We calculate the mean volumetric radius rd of the water droplet as: 
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(Equation 2.15) Vmean = 43πrd
3 ! ! ! ! ! ! !
where the mean volume Vmean is given by: 
(Equation 2.16) Vmean = xiVi∑ ! ! ! ! ! ! !
Here xi and Vi refer to the number fraction and volume, respectively, of water droplets 
with diameter di. From the number distribution shown in figure 2.13b, we obtain rd = 28 
µm. Using equations 2.11-14, we predict the average sedimentation velocity of water 
droplets to be vd = 77 µm/s, which leads to a water-rich permeate flux of 83 L/m2-h 
through the superhydrophilic and oleophobic mesh 400. This value is in reasonable 
agreement with the experimentally measured flux of 90 L/m2-h. As the sedimentation 
velocity is proportional to square of the droplet radius (combining equations 2.12-15), the 
flux of water-rich permeate will be impractically low (< 1 L/m2-h) for fine emulsions 
with droplet diameter less than 5 µm. In such cases, other techniques such as electrostatic 
coalescence (if the wetting phase is a polar liquid)32, or forced convection4, may be 
useful. 
Now, consider the flow of hexadecane-rich permeate through the hydrophobic 
and oleophilic membrane. Since we conducted continuous separation at steady state with 
a feed flux of 300 L/m2-h, material balance for a 30:70 v:v water-in-hexadecane emulsion 
yields a hexadecane-rich permeate flux of 217 L/m2-h. This predicted flux is in 
reasonable agreement with the experimentally measured flux of 210 L/m2-h (see Table 
2.2). Note that our fluxes are comparable to those reported in membrane separation 
literature for dead-end filtration38 and cross-flow filtration4, where separation was 
engendered using an energy intensive, externally applied pressure difference, as opposed 
to the sole use of gravity in this report. As the flux of hexadecane-rich permeate through 
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the hydrophobic and oleophilic membrane is constrained by the material balance, the 
maximum possible flux may be significantly higher. 
In addition, it is evident from Hagen-Poiseuille relation33 that the flux decrease is 
proportional to the fourth power of the pore radius, when all other parameters are held 
constant. As the pore diameter decreases, viscous resistance to fluid flow through pores 
of the membrane increases and consequently, the flux decreases. We calculate that the 
flux predicted by Hagen-Poiseuille relation equals the flux predicted by the sedimentation 
velocity of water droplets when the membrane pore diameter is ~ 5 µm. Thus, for all pore 
diameters 2D >> 5 µm, the flux of water-rich permeate is only limited by the 
sedimentation velocity and is independent of the pore diameter. As a result, we were able 
to obtain the same flux for water using both mesh 400 (2D = 37.5 µm) and mesh 500 (2D 
= 30.5 µm) during continuous separation. A membrane with a smaller pore diameter, 
such as mesh 500, has a higher value for Pbreakthrough and is therefore more resistance to 
pressure perturbations.  
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Table 2.2. Measured fluxes for the water-rich permeate and the hexadecane-rich 
permeate during the continuous separation of 30:70 v:v water-in-hexadecane 
emulsions as a function of time. 
!
Time 
(hr) 
Water-rich 
permeate flux  
(L/m2-hr) 
 
Hexadecane-rich 
permeate flux  
(L/m2-hr) 
Time 
(hr) 
Water-rich 
permeate flux  
(L/m2-hr) 
 
Hexadecane-rich 
permeate flux  
(L/m2-hr) 
 
0 91.7 213.9 52 91.7 210.8 
4 94.7 213.9 56 94.7 210.8 
8 91.7 210.8 60 91.7 213.9 
12 88.6 213.9 64 88.6 213.9 
16 88.6 217.0 68 88.6 217.0 
20 91.7 217.0 72 91.7 217.0 
24 88.6 213.9 76 88.6 213.9 
28 91.7 217.0 80 91.7 217.0 
32 94.7 213.9 84 94.7 213.9 
36 91.7 210.8 88 94.7 210.8 
40 91.7 217.0 92 88.6 217.0 
44 94.7 213.9 96 88.6 210.8 
48 91.7 207.8 100 91.7 213.9 
 
 
 
 
2.4. Conclusions 
We have developed novel membranes with hygro-responsive surfaces, which are 
both superhydrophilic and superoleophobic. These membranes are oleophobic both in air 
and when submerged under water. Consequently, CFS-based unit operations using these 
membranes can separate a range of different oil–water mixtures, with >99% efficiency. 
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We have also engineered an apparatus that uses two CFS-based operations in parallel, to 
achieve continuous, solely gravity-driven separation of oil–water emulsions, with a 
separation efficiency 99.9%. We anticipate that our separation methodology will have 
numerous applications, including the clean-up of oil spills, wastewater treatment, fuel 
purification and the separation of commercially relevant emulsions. 
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CHAPTER 3 
Self-cleaning membranes for efficient oil-water separation 
 
3.1. Introduction 
Recent events including the Deepwater Horizon oil spill in the Gulf of Mexico 
have highlighted the difficulty of effective oil-water separation1,2. To date, numerous 
separation methodologies including decantation, centrifugation, air floatation, 
coagulation and flocculation have been widely used to separate oil and water3-7. 
However, these methodologies are either unsuitable to separate oil-water emulsions, 
especially those stabilized by a surfactant, or are followed by a demulsification process 
through the addition of chemicals and/or application of heat or an electric field, which 
typically involves high energy consumption and secondary pollution4,5,8-10. Thus, energy-
efficient and broadly applicable processes for oil-water separation are highly desired2.  
Membrane-based separation technologies are attractive because they are relatively 
energy-efficient, cost-effective, and are applicable across a wide range of industrial 
effluents2,8. Membrane-based separations of oil-water mixtures are classified11,12 in terms 
of the membrane pore diameter (d), as microfiltration if 0.05 µm ≤ d < 10 µm, 
ultrafiltration if 1 nm ≤ d < 0.05 µm, or reverse osmosis if d < 1 nm. The membrane pore 
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size used in the separation of oil-water mixtures is strongly dependent on the dispersed 
phase diameter8,13. For an effective separation, the pore size is typically comparable or 
smaller than the dispersed phase diameter13-16. However, it is evident from the Hagen-
Poiseulle relation that the flux decrease is proportional to the fourth power of the pore 
radius, when all other parameters are held constant17. As the pore diameter decreases, 
viscous resistance to fluid flow through a membrane’s pore increases and consequently, 
the flux decreases2,17. Furthermore, membrane fouling during operation affects the flux. 
Pore clogging and/or preferential adsorption of a liquid that fouls the membrane are 
considered irreversible membrane fouling mechanisms, and cause a severe decrease in 
the flux18-21. Once the flux through the membrane declines, recovery is typically achieved 
by chemical treatments, membrane replacement or backflushing22-24.  
In addition to the decrease in the flux due to membrane fouling, poor selectivity 
hinders the widespread application of membrane-based separation technologies25-27. 
Recently, research on the critical role of preferential wettability has attracted attention to 
achieve the desired separation of oil and water2,28-30. Membranes with preferential 
wettability of oil over water, such as hydrophobic (or superhydrophobic) and oleophilic 
(or superoleophilic) membranes can selectively separate oil from oil-water mixtures. 
However, such membranes have disadvantages in that they are unsuitable for gravity-
driven separation and are easily fouled by oil, causing a decrease in the flux31-33. 
Recently, a few membranes with hydrophilic (or superhydrophilic) and oleophobic (or 
superoleophobic) surfaces, capable of selectively separating water from oil-water 
mixtures, have been developed2,34-36. It has been demonstrated that they are suitable for 
gravity-driven separation and are highly resistant to fouling2. In order to produce 
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membranes that attain such preferential wettability, surface modification34,37,38 or 
blending a polymer matrix39-41 have been widely used. Although the appropriate surface 
treatment can create a surface with preferential wettability of water over oil, and fouling 
resistance, it may lead to the reduction in the pore diameter of membranes resulting in a 
decrease in the flux42. 
In this work, we have developed novel membranes with hygro-responsive 
surfaces43, which are superhydrophilic ( θwater
* ≈ 0! ) and oleophobic ( θoil* > 90! ). 
Controlled silanization of cellulose-based filter papers leads to a robust and homogeneous 
coating on the surface. This hygro-responsive coating can be applied to the filter papers 
having pore sizes as small as 10 nm. The developed membranes were found to have 
unique ‘self-cleaning’ ability as water can displace oil from the membrane surface. This 
allows the membranes to be extremely fouling resistant. Utilizing our membranes, we 
have demonstrated that our membranes can separate surfactant-stabilized oil-in-water 
emulsions with the oil droplets diameter as small as 10 nm.  
 
3.2. Experimental Procedure 
3.2.1. Materials 
Cellulose-based filter papers with nominal pore sizes ≈ 200 nm or 450 nm were 
obtained from Sterlitech Corporation. Cellulose-based filter papers with nominal pore 
size ≈ 10 nm were obtained from Millipore. P25 cellulose film was obtained from 
Innovia film. Dodecane and poly(methyl methacrylate) (PMMA) were obtained from 
Sigma Aldrich. Methylene blue (blue dye), oil red-o (red dye), sodium dodecyl sulphate 
(SDS) and toluene were obtained from Fisher Scientific. Asahiklin AK-225 was obtained 
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from Structure Probe, Inc. Heptadecafluoro-1,1,2,2-tetrahydrodecyl triethoxy silane and 
2-[methoxy (polyethyleneoxy)-propyl] trimethoxy silane were obtained from Gelest. 
3.2.2. Substrate preparation 
3.2.2.1. Substrates with hygro-responsive surface 
Cellulose-based filter papers and films were treated using oxygen plasma for 5 
min and subsequently exposed to vapor phase heptadecafluoro-1,1,2,2-tetrahydrodecyl 
triethoxysilane for 20 h at room temperature (~ 22 °C ). 
3.2.2.2.Conventional substrate with θwater >θoil ! !
A solution (10 mg/mL) of poly(methylmethacrylate) (PMMA) was prepared in 
Asahiklin AK-225. Cellulose-based filter papers and films were dip-coated in the solution 
for 30 min and dried with nitrogen gas at room temperature ( ~ 22 °C) for 5 min. 
3.2.2.3. Conventional omniphilic substrate  
A solution (1 mg/mL) of 2-[methoxy (polyethyleneoxy)-propyl] trimethoxy silane 
was prepared in toluene. Cellulosed-based filter papers and films were dip-coated in the 
solution for 18 h followed by thorough rinsing with ethanol and deionized water. They 
were then dried with nitrogen gas at room temperature ( ~ 22 °C) for 5 min. 
3.2.3. Oil-water emulsion 
A dodecane-in-water emulsion (20:80 v:v) was prepared by mixing water and 
dodecane by ultrasound sonication at an amplitude of 180 µm and a power of 240 W 
using Misonix ultrasonic liquid processor XL 2020. 0.1 mg of sodium dodecyl sulphate 
(SDS) per milliliter of emulsion was used. The prepared emulsions were then vacuum 
degassed to remove dissolved bubbles before they were used.  Over time, a small degree 
of demulsification was observed.  
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3.2.4. Characterization techniques 
3.2.4.1. Contact angle measurements 
All measurements of contact angle were conducted using a Ramé–Hart 200-F1 
goniometer. All contact angles reported in this work were measured by advancing or 
receding a small volume of liquid (~2 µl) onto the surface using a 2 ml micrometer 
syringe (Gilmont). At least three measurements were performed on each substrate. The 
typical error in measurements was ±2°. 
3.2.4.2. Microscopy 
The surface morphology of the membranes was characterized using a Hitachi 
SU8000 scanning electron microscope at 5kV. Optical microscopy of prepared emulsions 
were conducted using an Olympus BH-2 optical microscope. 
3.2.4.3. Separation efficiency and droplet size distributions 
The water content in both the dodecane-rich phase and the water-rich phase after 
separation was measured using a TA Discovery differential scanning calorimeter (DSC). 
Approximately 10 mg of the sample was frozen to – 30 °C. The sample was then thawed 
to 30 °C at a rate of 1.0 °C/min. The heat flow into the sample is measured. Dodecane 
melts around – 10 °C, while the crystallized water melts around 0 °C. Such a difference 
in melting points leads to separate peaks for the water and dodecane. By comparing the 
data obtained from DSC with calibration curves, the water content in the permeates was 
estimated.   The size distribution of the dispersed phase was determined by dynamic light 
scattering (DLS) using a Malvern Zetasizer Nano ZS instrument.  
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3.3. Results and discussion 
3.3.1. Self-cleaning surfaces in air 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Self cleaning surfaces. (a) and (b) Droplets of water (dyed blue) and dodecane 
(dyed red) on a cellulose film (a) and cellulose-based filter paper with pore size ≈ 200 nm 
(b). Both surfaces have been treated with Heptadecafluoro-1,1,2,2-tetrahydrodecyl 
triethoxy silane. (c) and (d) Water displaces dodecane droplet from the surface. The 
displaced dodecane droplet floats on top of the water.  
 
 
Figures 3.1a and 3.1b show the wetting behavior of water (γ lv= 72.1 mN/m) and 
dodecane (γ lv= 25.4 mN/m) on a cellulose film and a cellulosed-based filter paper 
(nominal pore size ≈ 200 nm), respectively, treated with vapor phase of heptadecafluoro-
1,1,2,2-tetrahydrodecyl triethoxysilane (see section 3.2.2.1.). The advancing contact 
angles for dodecane and water are θadv,dodecane = 62° and θadv,water = 0° on the film (figure 
3.1a) and θadv,dodecane
* = 93° and θadv,water
* = 0° on the filter paper (figure 3.1b). A possible 
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use for such preferential wettability of water over oil is in “self-cleaning” surfaces. Most 
self-cleaning surfaces that have been reported are superhydrophobic surfaces44,45, such as 
the lotus leaf, and maintain a clean surface by causing droplets of water to bead up and 
roll-off, carrying away any unwanted dust or debris from the surface. However, if such 
superhydrophobic surfaces contact low surface tension liquids, such as oils or other 
contaminants, they rapidly lose their self-cleaning ability46. On the other hand, oils or 
other contaminants on surfaces with θoil >θwater can be easily cleaned with water as it can 
displace oil from the surfaces47,48.  
The surfaces fabricated here show such contact angle behavior. Figures 3.1c and 
3.1d demonstrate that a droplet of dodecane (dyed red) can be removed from the surface 
by the application of water (dyed blue). The droplet of water was placed close enough to 
the oil droplet so that they can coalesce. After coalescence, the water undercuts and 
displaces the oil droplet on the surface (see figures 3.1c and 3.1d).  
Figures 3.2a and 3.2b show the wetting behavior of water and dodecane on a 
cellulose film and a cellulosed-based filter paper (nominal pore size ≈ 200 nm), 
respectively, coated with PMMA (see section 3.2.2.2.). The advancing contact angles for 
dodecane and water are θadv,dodecane = 10° and θadv,water = 55° on the film (figure 3.2a) and 
θadv,dodecane
* = 0° and θadv,water
* = 92° on the filter paper (figure 3.2b). On such conventional 
surfaces with θwater >θoil  (see figure 3.2a) or hydrophobic and oleophilic surfaces (see 
figure 3.2b), water was found to spread on top of dodecane, preventing the surface from 
being cleaned, even though the density of water is higher than that of dodecane (see 
figures 3.2c and 3.2d). This demonstrates the difficulty in cleaning oil or releasing soil 
stains from hydrophobic or superhydrophobic surfaces.  
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Figure 3.2 Surfaces with θwater >θoil .! (a) and (b) Droplets of water (dyed blue) and 
dodecane (dyed red) on a cellulose film (a) and cellulose-based filter paper with pore size 
≈ 200 nm (b). Both surfaces have been coated with PMMA. (c) and (d) Water spreads on 
top of dodecane, preventing the surface from being cleaned. 
 
 
Membranes with high surface energy including hydrophilic (or superhydrophilic) 
surfaces are easily contaminated with oils49,50. Once contaminated, it is difficult to clean 
the surface because the low surface tension of oils render them difficult to remove47-50. 
Figures 3.3a and 3.3b show droplets of water and dodecane on the omniphilic (i.e., both 
contact angles for water and oil < 90°) or superomniphilic (i.e., both contact angles for 
water and oil = 0°) surfaces coated with 2-[methoxy (polyethyleneoxy)-propyl] 
trimethoxy silane (see section 3.2.2.3.), respectively. The advancing contact angles for 
dodecane and water are θadv,dodecane = 0° and θadv,water = 16° on the film (figure 3.3a) and 
θadv,dodecane
* = 0° and θadv,water
* =! 0° on the filter paper with nominal pore size ≈ 200 nm 
(figure 3.3b). Similar to conventional surfaces where θwater >θoil  (see figure 3.2a), water 
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cannot displace the oil (see figures 3.3c and 3.3d). This indicates that water fails to clean 
the surface and oil is retained on omniphilic or superomniphilic surfaces.     
 
 
 
Figure 3.3 Omniphilic surfaces. (a) and (b) Droplets of water (dyed blue) and dodecane 
(dyed red) on a cellulose film (a) and cellulose-based filter paper with pore size ≈ 200 nm 
(b). Both surfaces have been treated with 2-[methoxy (polyethyleneoxy)-propyl] 
trimethoxy silane. (c) and (d) Water spreads on top of dodecane although the density of 
water is higher than that of dodecane. 
 
 
3.3.2. Self-cleaning surfaces under oil 
The mechanism for oil displacement is highly dependent on the wettability of 
surfaces discussed in section 3.3.1. For an efficient removal of low surface tension oils on 
a surface using water, it is necessary to design the surface with θoil >θwater  such as 
hydrophilic (or superhydrophilic) and oleophobic (or superoleophobic) surfaces.  
Self-cleaning surfaces have been widely used in various applications including 
stain-free cloth, anti-fogging windows and anti-fingerprint displays47,48,51,52. Self-cleaning 
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surfaces where water can displace oils have another application in the membrane-based 
separation of oil and water38,51. In previous literature, however, such membranes have the 
disadvantage of suffering from poor separation efficiency38. This is because oil droplets 
not only contact the membrane surface but they also form a film on the wall of the pores 
and strongly interact with the surface53. Furthermore, they typically lose their self-
cleaning ability in the long-term due to the lack of robust and conformal coatings on the 
membranes38. Thus the membranes should retain their self-cleaning ability for effective 
separation of oil and water with high separation efficiency as well as long-term usage.     
We demonstrate that the controlled silanization of cellulose-based filter papers 
can create a robust and homogeneous, hygro-responsive coating on the membrane’s 
surface. This coating can be applied to filter papers having pore sizes as small as 10 nm 
without affecting the surface morphologies. Figures 3.4a-c show SEM images of surface 
morphologies for as-obtained cellulose-based filter papers with nominal pore sizes of 450 
nm, 200 nm and 10 nm, respectively. Figures 3.4d-f show SEM images of surface 
morphologies for silanized cellulose-based filter papers (see section 3.2.2.1.) with 
nominal pore sizes of 450 nm, 200 nm and 10 nm, respectively. By comparing these with 
figures 3.4a-c, it is evident that the surface morphologies are not affected by silanization 
even on the membranes having ≈ 10 nm pore size.  
! 83 
 
 
Figure 3.4 SEM images of cellulose-based filter papers. (a), (b) and (c) SEM images of 
filter papers with nominal pore sizes of 450 nm, 200 nm and 10 nm, respectively, before 
silanization. (d), (e) and (f) SEM images of filter papers with nominal pore sizes of 450 
nm, 200 nm and 10 nm, respectively, after surface treatment.  
 
 
We also demonstrate that our membranes retain their self-cleaning ability when 
they are contaminated or fully saturated with oils. In order to saturate our membranes 
(nominal pore size ≈ 200 nm) with dodecane, we apply a pressure (Papplied = 30 kPa) 
which is higher than the measured breakthrough pressure for dodecane (Pbreakthrough = 20 
kPa) on the membrane. After dodecane permeates through, the membrane is completely 
imbibed by dodecane. Since the transition from the Cassie-Baxter state to the ‘fully-
wetted’ Wenzel state is irreversible, dodecane wets the surface and walls of the pores in 
the membrane. Figures 3.5 shows sequential images of a water droplet placed on the 
membrane submerged in dodecane. When a droplet of water is added, it naturally settles 
on the membrane surface owing to its higher density. As soon as the water droplet 
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contacts the membrane, it starts to wet the surface and simultaneously it is imbibed into 
the pores by displacing oil, as is evident from a decrease in contact angle. This clearly 
indicates that our membranes maintain their self-cleaning ability even when they are 
completely contaminated or saturated with oils. This unique ability of our membranes, to 
displace oil from the surface, allows them to separate oil and water with very high 
separation efficiency, as is discussed in following section.  
 
 
Figure 3.5 Self-cleaning surface under oil. A series of snapshots showing a droplet of 
water on a cellulose-based filter paper with pore size 200 nm, submerged in dodecane. 
The water droplet displaces dodecane and penetrates into the membrane in a few seconds.  
 
 
3.3.3. Recovery of oleophobicity  
Hydrophilic (or superhydrophilic) and oleophobic (or superoleophobic) 
membranes for the separation of oil and water considered in this work have attracted lots 
of attention because they are highly resistant to fouling by oils and are suitable for 
gravity-driven separation2. Such membranes allow water to selectively permeate through 
while oil is retained above the membranes2. In real cases, however, various sources 
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including mechanical vibration, gravity and Laplace pressure creates a significant 
pressure perturbation which may lead to the permeation of oil. Once oil permeates 
through the membrane, it is difficult to recover oleophobicity unless oil is displaced from 
the membrane surface by water. Thus the self-cleaning ability of the membrane, both in 
air and under oil, is critical for the separation of oil and water.   
We demonstrate that our membranes can recover oleophobicity when they are 
fouled or saturated by oil. First, we saturate our membranes (nominal pore size ≈ 200 nm) 
with dodecane by applying Papplied = 30 kPa > Pbreakthrough = 20 kPa for dodecane to 
permeate through the membrane. Then the membrane is immersed in dodecane so that the 
membrane surface and walls of the pores are completely wetted (see figure 3.6a inset). 
Figures 3.6a and 3.6b show the separation of free dodecane and water utilizing this 
prefouled membrane. The separation apparatus consists of a prefouled membrane 
(nominal pore size ≈ 200 nm) sandwiched between two vertical glass tubes. Water (dyed 
blue) is added to the upper tube immediately followed by dodecane (dyed red). Once 
water contacts the membrane, water displaces the dodecane entrapped in the membrane. 
Within minutes, the water-rich permeate passes through the membrane while the 
dodecane-rich retentate is retained above the membrane (see figure 3.6b). Note that 
negative pressure (Papplied = 10 kPa < Pbreakthrough = 20 kPa) is continuously applied to the 
lower tube to facilitate the permeation of water. After separation, the water-rich permeate 
collected in the bottom tube is almost perfectly transparent, indicating that it is almost 
pure water. For a quantitative study, differential scanning colorimetriy (DSC) was used to 
probe the dodecane content in the water-rich permeate54. First the sample was frozen to   
– 30 °C and then thawed to 30 °C at a rate of 1.0 °C/s. The heat flow into the sample was 
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measured. Dodecane melts around – 10 °C, while the crystallized water melts around                 
0 °C. Such a difference in melting points leads to separate peaks for the water and 
dodecane. Figure 3.6c shows DSC data for the water-rich permeate obtained from the 
separation of free dodecane and water. Absence of a noticeable peak around – 10 °C 
indicates that dodecane is not present in the permeate at a discernable level. As might be 
expected, this is because water displaces dodecane entrapped in the membrane and 
consequently the membrane recovers its oleophobicity. 
 
 
Figure 3.6 Recovery of oleophobicity.  (a) Separation apparatus with water and dodecane 
above the membrane. The membrane sandwiched between the two glass tube is prefouled 
by dodecane. Inset, the membrane saturated with dodecane. Water is dyed blue and 
dodecane is dyed red. (b) The water-rich permeate passes through the membrane while 
the dodecane-rich retentate is retained above the membrane. (c) DSC data for the water-
rich permeate. DSC data for as-obtained dodecane and water are also shown for 
comparison.  
 
We also demonstrate that our membrane which is prefouled by oil can separate 
SDS-stabilized dodecane-in-water emulsions. Again, the membrane (nominal pore size ≈ 
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200 nm) is saturated with dodecane (see figure 3.6a inset). Figure 3.7a and 3.7b show the 
separation of dodecane-in-water emulsion (20 vol% dodecane) stabilized using SDS. The 
apparatus is the same as that used for the separation of free dodecane and water. The 
emulsion is added to the upper tube (see figure 3.7a). Once water contacts the membrane, 
water displaces dodecane from the surface. Within minutes, the water-rich permeate 
passes through the membrane while the dodecane-rich retentate is retained above the 
membrane (see figure 3.7b). In order to facilitate water permeation, negative pressure 
(Papplied = 10 kPa < Pbreakthrough = 20 kPa) is continuously applied to the lower tube. 
Comparing the image of the membrane after separation (see figure 3.7b inset) with the 
inset in figure 3.6a, it indicates that the membrane surface is cleaned due to the 
displacement of dodecane. DSC measurements (see figure 3.7c) indicate that the water-
rich permeate does not contain dodecane at a discernible level. Additional experiments 
show that our membranes with different pore sizes (450 nm and 10 nm) can also recover 
oleophobicity, allowing for the separation of dodecane-in-water emulsions.  
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Figure 3.7 Recovery of oleophobicity.  (a) Separation apparatus with a 20:80 v:v 
dodecane-in-water emulsion above the membrane. The membrane sandwiched between 
the two glass tube is prefouled by dodecane. Water is dyed blue and dodecane is dyed red. 
(b) The water-rich permeate passes through the membrane while the dodecane-rich 
retentate is retained above the membrane. (c) DSC data for the water-rich permeate. DSC 
data for as-obtained dodecane and water are also shown for comparison.  
 
 
3.3.4. Separation of dodecane-in-water emulsions 
The pore size of the membrane has a strong effect on the separation efficiency55. 
For an effective separation, the pore size of the membrane should be comparable or 
smaller than the dispersed phase diameter13-16. This is because membranes with larger 
pore size are likely to allow smaller dispersed droplets to readily permeate through the 
membrane. However, it is evident from the Hagen-Poiseulle relation that the flux 
decrease is proportional to the fourth power of the pore radius, when all other parameters 
are held constant17. Therefore, it is critical to use membranes with the appropriate pore 
size in the separation operations. Here we utilized membranes with three different pore 
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sizes (450 nm, 200 nm and 10 nm) to separate SDS-stabilized dodecane-in-water 
emulsions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Size distributions of dodecane droplets (a) The number size distribution for 
the dodecane-in-water feed emulsion. (b), (c) and (d) The number size distributions for 
the permeates obtained from the separation of dodecane-in-water feed emulsion using 
filter papers with pore size = 450 nm, 200nm and 10 nm, respectively. 
 
 
Figure 3.8a shows the number size distribution of the dispersed phase in 
dodecane-in-water feed emulsions (20 vol% dodecane) determined using DLS. The size 
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of the dispersed phase in the feed emulsion varies between 1 nm – 950 nm. Figures 3.8b-
d show the number size distributions of the permeates obtained from separation of the 
feed emulsion using membranes with pore sizes of 450 nm, 200nm and 10 nm, 
respectively. Comparing the dodecane-in-water feed emulsion with the permeates, it is 
evident that dodecane droplets above the pore size of the membrane used in each 
separation were completely removed. This is a direct consequence of size exclusion as 
previously reported56-58. In addition, the self-cleaning ability of our membranes promotes 
water to displace dodecane droplets and release it from the membrane surface38. After 
water has displaced the dodecane, the dodecane droplets larger than the pore size of the 
membrane are easily removed during separations.  
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Measured fluxes for the permeates obtained from separations of dodecane-in-
water emulsion using a membrane with different pore size.  
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Figure 3.9 shows measured fluxes of the water-rich permeates through the 
membranes with different pore sizes. The fluxes were measured to be 17.7 , 7.4 and 2.9 
L/m2-hr-bar using a membrane with pore size = 450 nm, 200nm and 10 nm, respectively. 
Furthermore, the fluxes decreased negligibly over a period of 5 hr (see figure 3.9 and 
table 3.1.), indicating that the membranes are highly resistant to fouling by oil. As might 
be expected, the self-cleaning ability of our membranes is a major contributing factor 
towards the observed resistance to fouling.  
We also compared the total energy consumptions for separating oil-water 
mixtures using our hygro-responsive membrane with a conventional electrocoagulation 
technique, which is widely used in wastewater treatment. First, consider the separation of 
a dodecane-in-water emulsion using our hygro-responsive membrane. The separation 
described in this work requires electric energy to pump and to apply negative pressure to 
facilitate permeation of water-rich permeate. We estimated the electric energy required to 
separate 1 L of feed emulsion as 15 kJ. In the estimation, we assume the separation uses a 
scaled-up apparatus due to the hygro-responsive membrane being readily scalable. This 
value is lower than that required for the same amount of synthesized wastewater using a 
conventional electrocoagulation technique, which varies between 20 – 41 kJ59-61. Thus, 
our hygro-responsive membrane can be very useful for saving energy in oil-water 
separation and/or wastewater treatment.  
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Table 3.1 Measured fluxes for the permeates obtained from separations of 20:80 v:v 
dodecane-in-water emulsion using a membrane with different pore size.  
 
Time (min) 
Flux (L/m2-hr-bar) 
Pore size = 450 nm Pore size = 200 nm Pore size = 10 nm 
0 17.9 7.6 3.1 
30 17.6 7.5 2.9 
60 17.5 7.4 2.9 
90 17.6 7.5 2.8 
120 17.4 7.4 2.8 
150 17.3 7.3 2.9 
180 17.3 7.3 2.8 
210 17.3 7.2 2.7 
240 17.2 7.2 2.7 
270 17.2 7.1 2.7 
300 17.1 7.1 2.7 
 
 
 
3.4. Conclusions 
In this work, we have demonstrated that silanization on the cellulose-based filter 
papers can also produce hygro-responsive surfaces, which are superhydrophilic and 
oleophobic. The controlled silanization adopted in this work creates a robust and 
homogeneous coating without clogging nanoscale pore as small as 10 nm. Our 
membranes were found to display unique wetting behaviors of oil and water, so-called 
‘self-cleaning’, as water displaces oil from the surface. This self-cleaning property is 
important to membrane fouling resistance. We have demonstrated that our membranes 
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can recover their oleophobicity when they are fouled with oil by the application of water. 
We have also demonstrated that our membranes can separate surfactant-stabilized oil-
water emulsions with the oil droplets diameter as small as 10 nm.  
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CHAPTER 4 
On-demand separation of oil-water mixtures1 
 
4.1. Introduction 
Over a hundred years ago, Lippmann observed that the capillary rise of mercury 
changes under an external electric potential2. However, his work had not been applied 
broadly because of electrolysis caused by current flow between a conductive liquid and 
the metallic substrate. Recently a thin insulating layer was introduced to prevent direct 
contact between the liquid and an electrode3,4 (see figure 4.1) and observed a decrease in 
contact angle of a sessile droplet of a conductive liquid on the application of an external 
electric potential. The decrease in the macroscopic contact angle for a sessile polar liquid 
droplet on a dielectric material in response to an electric field is commonly known as 
electrowetting on a dielectric (EWOD)5-7. EWOD eliminates the problem of electrolysis 
and provides a facile route for tuning wettability of polar (or conducting) liquids. EWOD 
has found applications in numerous fields such as lab-on-chip devices8-10, optics11,12, and 
displays13,14.  
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Figure 4.1 A schematic illustration of Electrowetting on a dielectric (EWOD) 
configuration.  
 
 
While EWOD is traditionally employed on non-textured substrates, a few recent 
studies have demonstrated EWOD with textured substrates15-17. When a liquid contacts a 
textured substrate, it can adopt either the Cassie-Baxter state18 or the Wenzel state19. In 
the Cassie-Baxter state, air is trapped between the liquid and the solid forming a 
composite (liquid-air-solid) interface. In the Wenzel state, the liquid fills all the cavities 
present on a textured surface, leading to so-called a ‘fully-wetted’ interface. Recent 
EWOD experiments on textured substrates reveal that polar liquids (e.g., water) can 
transition from the Cassie-Baxter state to the Wenzel state in response to the applied 
electric field15-17. However, non-polar liquids (e.g., oils) on textured substrates do not 
undergo such a transition. 
 For effective on-demand separation of oil-water mixtures, the membranes must 
be designed such that they support both water and oil in the Cassie-Baxter state before 
the electric field is applied. While it is relatively easy to support water in the Cassie-
Baxter state because of its high surface tension, it is significantly more difficult to do so 
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with oils because of their low surface tension. Based on previous work20-22 that 
recognized the importance of re-entrant texture (i.e., convex topography) along with 
surface chemistry in designing super-repellent surfaces, several superoleophobic 
membranes have been engineered20-23 that can support both water and various oils in the 
Cassie-Baxter state under gravity.  
Utilizing similar membranes in this work, we demonstrate a gravity-driven, 
membrane-based, single unit operation to separate various oil-water mixtures, including 
free oil and water, oil-in-water emulsions and water-in-oil emulsions, with ≥ 99.9% 
separation efficiency. The separation is triggered on-demand, i.e., upon applying an 
electric field. In addition, we have also developed an apparatus for the continuous 
separation of oil-water mixtures that features on-demand triggering. 
 
4.2. Experimental Procedure 
4.2.1. Materials 
Sylgard184 base and curing agent was obtained from Dow Corning. 1H, 1H, 2H, 
2H-heptadecafluorodecyl polyhedral oligomeric silsequioxane (fluorodecyl POSS) was 
synthesized as described elsewhere24. Asahiklin AK-225 solvent was obtained from 
Structure Probe, Inc. Nylon mesh of mesh size 376 (R = 20.3 µm, 2D = 28 µm) and 
stainless steel meshes of mesh size 100 (R = 56.5 µm, 2D = 138 µm) and 400 (R = 12.5 
µm, 2D = 37.5 µm) were obtained from McMaster Carr.  The mesh number refers to the 
number of openings per inch. Tecnoflon BR9151 fluoroelastomer was obtained from 
Solvay Solexis. Desmopan9370 polyurethane was obtained from Bayer Material Science. 
Hexadecane, tetrahydrofuran (THF), methylene blue (blue dye), oil red-o (red dye), 
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sodium dodecyl sulphate (SDS), polysorbate 80 (PS80) and span 80 were obtained from 
Fisher Scientific.  
4.2.2. Non-textured substrate fabrication 
A 10:1 w:w ratio of Sylgard184 base:curing agent was prepared in a petri dish, 
degassed in a vacuum oven at room temperature for 10 min and cross-linked at 70 ºC for 
3 h. The cross-linked PDMS (x-PDMS) sheet (thickness, d ~ 120 µm) was sliced into 2 
cm long x 2 cm wide pieces and spin-coated with 10 mg/ml solutions of 50 wt% 
fluorodecyl POSS + 50 wt% PDMS (10:1 w:w Sylgard 184 base:curing agent) in 
Asahiklin AK-225 at 1000 RPM for 20 s. The spin-coated surfaces were cross-linked at 
70 ºC for 1 h. The substrate thickness d ~ 120 µm and the spin-coated layer of 50 wt% 
fluorodecyl POSS + x-PDMS were chosen so that they are similar to the textured 
substrates.  
4.2.3. Textured substrate fabrication 
2 cm long x 2 cm wide pieces of nylon membranes were dip-coated by immersing 
in 10 mg/ml solutions of 50 wt% fluorodecyl POSS + 50 wt% PDMS (10:1 w:w Sylgard 
184 base:curing agent) in Asahiklin AK-225 for 30 min. Subsequently, the dip-coated 
membranes were dried with air at room temperature for 3 min and cross-linked at 70 ºC 
for 1 h. The nylon membranes were dip-coated with 50 wt% fluorodecyl POSS + x-
PDMS. A stack of three dip-coated nylon membranes and a stainless steel membrane 
(mesh size 100) formed the membrane module. The hydrophobic and oleophilic 
membranes used in continuous separation were made by dip-coating stainless steel 
membranes (mesh size 400) in 10 mg/ml solution of Desmopan 9370 in THF.  
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4.2.4. Oil-water emulsions 
50:50 vol:vol hexadecane-in-water emulsions were prepared by mixing water and 
hexadecane using a stir bar (800-1200 RPM) with 0.75 mg of PS80/ml of emulsion, while 
30:70 vol:vol water-in-hexadecane emulsions were prepared with 1.0 mg of span80/ml of 
emulsion. The hydrophilic-lipophilic balance (HLB) values of PS80 and span80 are 15 
and 4, respectively. We determined whether an emulsion is hexadecane-in-water or 
water-in-hexadecane by measuring the electrical resistance with a multimeter. A 
KDScientific KDS-200 syringe pump was used to deliver the feed emulsions during 
continuous separation. 
4.2.5. Characterization techniques 
4.2.5.1. Contact angle and surface tension measurements 
All measurements of contact angle (in air and under water) were conducted using 
a Ramé–Hart 200-F1 goniometer. All contact angles reported in this work were measured 
by advancing or receding a small volume of liquid (~2 µl) onto the surface using a 2-ml 
micrometer syringe (Gilmont). At least three measurements were performed on each 
substrate. The typical error in measurements was ±2°. We determined the surface tension 
of water and hexadecane in the presence of surfactants using the capillary rise method.  
4.2.5.2. Thermogravimetric analysis and Karl Fischer analysis 
Composition of the hexadecane-rich and the water-rich phases after separation 
was measured using a Perkin Elmer Pyris 1 TGA. Approximately 50 mg of the sample 
was heated from room temperature to 105°C at a rate of 5 °C/s, and the temperature was 
held constant at 105 °C for 60 minutes. Note that the boiling point of hexadecane is 287 
ºC. The loss in weight of water was used to estimate the purity of the water-rich phase. 
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The loss in weight of the hexadecane-rich phase was compared with the loss in weight of 
the as-obtained hexadecane to estimate the purity of the hexadecane-rich phase. The 
water content in the hexadecane-rich phase was also determined by injecting samples 
ranging from 10 µL to 0.6 mL into an EM Science AquaStar C3000 Titrator for 
coulometric Karl Fischer titration analysis (ASTM D6304). 
4.2.5.3. Transmittance, dynamic light scattering and optical microscopy 
The transmittance of the feed emulsions and the permeates was measured using a 
Cary 50 Bio UV-vis spectrophotometer. The size distribution of the dispersed phase with 
droplet sizes less than 1 µm was determined by dynamic light scattering using a Malvern 
Zetasizer Nano ZS instrument. Optical microscopy of the emulsions was conducted using 
an Olympus BH-2 optical microscope. 
 
4.3. Results and discussion 
4.3.1. EWOD of water and oil on non-textured substrates 
For non-textured substrates, the decrease in the macroscopic contact angle as a 
function of the electric field during EWOD is expressed by the Young-Lippmann 
equation as4: 
 (Equation 4.1) cosθ ew =cosθ + εoεd2γ 12d
V 2  
Here, θ ew is the macroscopic contact angle observed at a distance on the order of 
dielectric thickness d or larger from the three-phase contact line5, θ is the Young’s 
contact angle25, ε0  is the vacuum permittivity, γ12  is the interfacial tension between the 
liquid and ambient medium, and V is the voltage applied across the dielectric of 
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permittivity εd . While the macroscopic contact angle decreases upon the application of 
an electric field, the local (or microscopic) contact angle close to the three-phase contact 
line does not change and remains equal to the Young’s contact angle26,27.  
 
 
Figure 4.2 EWOD behavior of water and oil. (a) Macroscopic contact angles for water 
and hexadecane (HD) as a function of applied voltage on the non-textured substrate. (b) 
and (c) The macroscopic contact angle for hexadecane remain unchanged with increasing 
voltage. (d) and (e) The macroscopic contact angle for water decreases with increasing 
voltage.  
 
 
In order to demonstrate the preferential wettability of water (polar liquid) over oil 
(non-polar liquid) upon the application of an electric field, we conducted EWOD of water 
(γ lv  = 72.1 mN/m) and hexadecane (representative oil, γ lv  = 27.5 mN/m) on non-textured 
50 wt% fluorodecyl POSS + x-PDMS substrates. Figure 4.2a shows the macroscopic 
contact angles for water and hexadecane as a function of the voltage V applied across the 
dielectric layer. As may be expected, the macroscopic contact angle for the non-polar 
hexadecane (θhexadecane
ew  = 72°) is independent of V (see figures 4.2b and 4.2c). On the other 
hand, the macroscopic contact angle for water decreases from θwater
ew  = 115º at V = 0 V 
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(see figure 4.2d) with increasing voltage and finally saturates at θwater
ew  = 56º for all V > 
1.5 kV (see figure 4.2e). As shown in figure 4.2a, for εd  = 1.9, the predictions from the 
Young-Lippmann equation (equation 4.1) match well with the experimental data, except 
for the contact angle saturation at high voltage. The inability of equation 4.1 to predict 
contact angle saturation has been well documented in literature and continues to remain 
an active area of research5,28. 
4.3.2. Transition from the Cassie-Baxter state to the Wenzel state  
4.3.2.1. Derivation of the critical pressure Pcritical and the estimated values for Pcritical 
In the Cassie-Baxter state, the liquid-air interface makes an angle θ, locally with 
the substrate29-31. As the applied pressure  on the liquid increases, the liquid-air 
interface bends downward, thereby increasing the sagging angle δθ. This in turn causes 
the liquid-air interface to advance downward along the solid surface in order to locally 
maintain an angle θ with the substrate31 (see figure 4.3). For textured substrates 
possessing a spherical or cylindrical geometry and sufficiently large pore depth (such that 
the sagged liquid-air interface does not touch the bottom surface), the liquid-air interface 
continues to bend and advance downward along the surface curvature with increasing 
pressure, until it approaches a critical texture angle . The critical texture angle 
corresponds to the location where the liquid-air interface can withstand the maximum 
pressure , before transitioning to the Wenzel state.  
 
 
 
Papplied
ψcr
Pcritical
! 106 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 A schematic illustrating the pressure-induced sagging of the liquid-air 
interface. 
 
 
We derived the critical texture angle ( ) and the maximum pressure ( ) for 
textured substrates possessing a cylindrical geometry, such as the membranes considered 
in this work. First, consider a liquid in the Cassie-Baxter state on a textured surface 
composed of periodic, non-woven cylindrical fibers with radius R and half inter-fiber 
spacing D (see figure 4.3). The liquid-air interface is located at a local texture angle ψ of 
the re-entrant texture with a sagging angle δθ =θ −ψ , as shown in figure 4.3. A force 
balance between the applied pressure Papplied  on a droplet and the surface tension γ12 can 
be written as: 
(Equation 4.2) Papplied ⋅ interfacial area( ) = γ12 ⋅ contact line length( ) ⋅ sinδθ   
For cylindrical fibers of length L, equation 4.2 becomes: 
(Equation 4.3) Papplied ⋅ L ⋅ 2 D + R − Rsinψ( ) = γ12 ⋅ 2L ⋅ sinδθ    
Simplifying equation 4.3, we get: 
ψcr Pcritical
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(Equation 4.4) Papplied =
γ12 sin θ −ψ( )
D + R − Rsinψ !! ! ! !  
For a given liquid and re-entrant texture geometry, equation 4.3 indicates that the applied 
pressure Papplied  determines the local texture angle ψ, where the liquid forms a stable 
composite interface. We determine the critical texture angle ψcr , which corresponds to 
the maximum pressure Pcritical  that the liquid-air interface can withstand by solving: 
(Equation 4.5) 
dPapplied
dψ
= 0 with d
2Papplied
dψ2
< 0 at ψ =ψcr     
From equations 4.4 and 4.5 we obtain, 
D + R − Rsinψcr( ) ⋅ −cos θ −ψcr( )( ) − sin θ −ψcr( ) ⋅ −Rcosψcr( ) = 0
⇒ D + R( ) ⋅ cos θ −ψcr( ) − Rsinθ = 0 !Simplifying further, we obtain, 
(Equation 4.6) Pcritical =
γ12 sin θ −ψcr( )
D + R − Rsinψcr
,whereψcr =θ − cos−1
Rsinθ
R+ D
⎛
⎝
⎜
⎞
⎠
⎟    
When Papplied > Pcritical , the liquid-air interface spontaneously advances downwards (i.e., to 
ψ <ψcr ) and the liquid transitions to the Wenzel state. 
Table 4.1 shows the values of Pcritical  for water and hexadecane, with and without 
surfactants, on the dip-coated nylon membranes (R = 20.3 µm, 2D = 28 µm). We 
estimated the surface tensions γ12  for water and hexadecane with surfactants using the 
capillary rise method32. Note that Young’s contact angle θ  can be estimated from θadv
and θrec as
33: 
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(Equation 4.7) θ = cos−1 Γadv cosθadv +Γrec cosθrec
Γadv +Γrec
⎛
⎝
⎜
⎞
⎠
⎟      
where,     
(Equation 4.8) ! ! ! !  
and 
(Equation 4.9) ! ! ! !  
The advancing and receding contact angles for water and hexadecane, with and without 
surfactants, are measured on surfaces spin-coated with 50 wt% fluorodecyl POSS + x-
PDMS blend.  
 
 
 
Table 4.1. Calculated values of Pcritical  for water and hexadecane on the dip-coated nylon 
membranes (R = 20.3 µm, 2D = 28 µm), with and without surfactants. 
 
 θ  (θadv ,θrec ) γ12 (mN/m) ψcr  Pcritical  (Pa) 
Water 115° (122°, 109°) 72.1 57.4° 3540 
Water with 
1.2 mg/ml PS80 79° (95°, 65°) 40.2 24.5° 1265 
Hexadecane 72° (77°, 68°) 27.5 16.3° 794 
Hexadecane with 
0.3 mg/ml PS80 68° (75°, 61°) 24.9 11.3° 686 
Hexadecane with 
1.4 mg/ml span80 68° (76°, 61°) 25.7 11.3° 708 
 
 
Γadv =
sin3θadv
2 − 3cosθadv + cos3θadv
⎛
⎝
⎜
⎞
⎠
⎟
1/3
Γrec =
sin3θrec
2 − 3cosθrec + cos3θrec
⎛
⎝
⎜
⎞
⎠
⎟
1/3
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4.3.2.2. Electric field driven Cassie-Baxter to Wenzel transition 
A liquid column of height h above a textured substrate exerts a hydrostatic 
pressure  on the liquid-air interface. Here, ρ is the effective density of the 
liquid column and the g is the acceleration due to gravity. In addition, when a polar liquid 
column is subjected to an electric field, a Maxwell stress  is exerted on the liquid-
air interface, pulling it outward along the surface normal15,16. Assuming a configuration 
similar to a parallel plate capacitor with air as the dielectric medium16,  = 
. Here,  = 1 is the relative permittivity of the dielectric medium (air), and 
 is the thickness of the dielectric medium, i.e., the effective distance between the 
sagged liquid-air interface and the bottom electrode.  
The membranes module adopted in this work consists of a stack of three dip-
coated nylon membranes (R = 20.3 µm, 2D = 28 µm) and an electrode. When the liquid-
air interface is located at ψ =ψ cr  on the first layer of texture (i.e., the top dip-coated 
nylon membrane), teff  is given as (see figure 4.4): 
(Equation 4.10)     
Here,  is the critical radius of curvature of the 
liquid-air interface. Using equation 4.10, we estimate teff  = 81.1 µm for water and teff  = 
69.7 µm for water with 1.2 mg/ml of PS80. 
 
 
Phydrostatic = ρgh
PMaxwell
PMaxwell
εoεdV 2 2teff2 εd
teff
teff = 6R − R 1+ cosψcr( ) − Rsag,cr 1− cos θ −ψcr( )⎡⎣ ⎤⎦
Rsag,cr = D + R − Rsinψcr( ) sin θ −ψcr( )
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Figure 4.4 A schematic showing the pressure-induced sagging of the liquid-air interface 
on a stack of three membranes with cylindrical texture. 
 
 
The liquid-air interface can withstand the maximum pressure Pcritical when it is 
located at . If the applied voltage V is such that 
, the liquid-air interface spontaneously advances 
downwards (i.e., to ) until it reaches the bottom of the first layer of texture. At the 
same applied voltage V, the liquid cannot form a stable composite interface on 
subsequent layers of the texture (i.e., the middle or the bottom dip-coated nylon 
membranes) because  is amplified due to a decrease in , which leads to an 
increase in . Consequently, once the liquid-air interface advances past  on 
the first layer of texture, the liquid transitions from the Cassie-Baxter state to the Wenzel 
state. On the other hand, a non-polar liquid (e.g., oil) in the Cassie-Baxter state under 
gravity, will not transition to the Wenzel state as it will not experience . 
ψ =ψcr
Papplied = Phydrostatic + PMaxwell( ) > Pcritical
ψ <ψcr
PMaxwell teff
Papplied ψ =ψcr
PMaxwell
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4.3.3. Estimation of hexadecane-water interfacial tension in the presence of 
surfactants 
We estimated the interfacial tension γow  between water and hexadecane in the 
presence of PS80 by using the relationship postulated by previous work34:  
(Equation 4.11)γow = γov + γwv − 2 γovd γwvd       
Here, γow  is the hexadecane-water interfacial tension. γov and γwv  are the surface tensions, 
while γov
d  and γwv
d  are the dispersive components of the surface tensions for hexadecane 
and water, respectively. Note that γov = γov
d  for hexadecane (non-polar liquid). Using the 
capillary rise method, we determined γov  = 24.9 mN/m with 0.3 mg/ml of PS80 and γwv  
= 40.2 mN/m with 1.2 mg/ml of PS80. In order to estimate γwv
d , we combined the 
Young’s equation (equation 1.1) with equation 4.11 for the interfacial tension of a non-
polar solid (such as a 50 wt% fluorodecyl POSS + x-PDMS blend) and water to obtain:  
(Equation 4.12) γwv
d =
γwv 1+ cosθ( )
4γ svd
      
Here, γ sv
d  is the dispersive component of the solid surface energy and θ is the Young’s 
contact angle for water. On a spin-coated surface of 50 wt% fluorodecyl POSS + x-
PDMS, the contact angles for water with 1.2 mg/ml of PS80 is θwater  = 95°. Using this 
value in equation 4.12, we obtained γwv
d  = 32.6 mN/m for water with 1.2 mg/ml of PS80. 
Substituting the values of γov , γwv  and γwv
d  in equation 4.11, we determined γow  = 8.1 
mN/m in the presence of PS80.  
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4.3.4. Batch separation of oil-water mixtures 
4.3.4.1. Separation of free oil and water 
To utilize the electric field driven preferential wettability transition of water over 
hexadecane for separation, it is essential to use porous oleophobic (or superoleophobic) 
membranes. Upon applying an electric field, under gravity, such a membrane allows 
water (higher density, polar liquid) to permeate through, but retains hexadecane (lower 
density, non-polar liquid). The oleophobic membrane module (see figure 4.5a inset) 
assembled for this work consists of a stack of three nylon membranes (2D = 28 µm, R = 
20.3 µm) and a stainless steel membrane (2D = 138 µm, R = 56.5 µm). The stainless steel 
membrane serves as one electrode, while a copper wire immersed in water serves as the 
counter electrode. The nylon membranes are dip-coated with 50 wt% fluorodecyl POSS + 
x-PDMS. The nylon membranes are dip-coated with 50 wt% fluorodecyl POSS + x-
PDMS. The membranes support both water (  = 142°) and hexadecane (
 = 99°) in the Cassie-Baxter state before applying an electric field. On non-
textured 50 wt% fluorodecyl POSS + x-PDMS substrates, at V = 0 V,  = 72° and 
 = 115° (see Table 4.1). Using these values in equation 4.6, we estimate 
 = 794 Pa for the hexadecane-air interface and  = 3540 Pa for the 
water-air interface (see Table 4.1). 
The membrane module is sealed between two vertical glass tubes (see figure 
4.5a). A 4 cm column of water (dyed blue) is added to the upper tube immediately 
followed by a 4 cm column of hexadecane (dyed red) on top of water. Before applying 
the electric field, the dip-coated nylon membranes can easily support a total liquid 
θwater , adv
*
θhexadecane, adv
*
 θhexadecane
 θwater
Pcritical , hexadecane Pcritical , water
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column of height h = 8 cm because the hydrostatic pressure  = 694 Pa < 
 = 3540 Pa. Upon applying the electric field, the Maxwell stress  
increases with increasing voltage V across the dip-coated nylon membranes. At V = 2.1 
kV, we calculate = 81.1 µm (see Table 4.1) and  ≈ . This matches 
well with our experimental observation of the permeation of water through the membrane 
module at an applied voltage V = 2.00.3 kV. Note that the electric field is applied only 
for a short period of time because after water permeates through the dip-coated nylon 
membranes, contact with the stainless steel membrane creates a path for current flow and 
an electric field is no longer required to maintain the flow of water. After a few minutes, 
all the water is collected in the lower tube, while hexadecane is retained in the upper tube 
(see figure 4.5b). The dip-coated nylon membranes can then prevent the permeation of 
hexadecane (column height h = 4 cm) because the hydrostatic pressure Phydrostatic  = 302 Pa 
<  = 794 Pa. 
 
 
 
 
 
 
 
Figure 4.5 Batch separation of free oil and water. (a) An apparatus with a liquid column 
of free oil (dyed red) and water (dyed blue) above the membrane before applying an 
electric field. The inset shows a schematic of the membrane module. (b) Water permeates 
through while hexadecane is retained when a voltage V ~ 2.0 kV is applied. 
Phydrostatic
Pcritical , water PMaxwell
teff Papplied Pcritical ,water
Pcritical , hexadecane
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4.3.4.2. Separation of oil-in-water emulsion 
We have also extended our separation methodology to separate oil-in-water 
emulsion. Here, we demonstrate polysorbate80 (PS80, 0.75 mg/ml) stabilized 50:50 
vol:vol hexadecane-in-water emulsions. First, we determined the size distributions of the 
dispersed phase in the emulsions using two techniques – optical microscopy image 
analysis for droplets above 1 µm in diameter and dynamic light scattering for droplets 
below 1 µm. Figure 4.6a shows representative optical microscopy image for the 50:50 
vol:vol PS80 stabilized hexadecane-in-water emulsion. Figures 4.6b and 4.6c show the 
number size distributions of the dispersed phase determined using image analysis and 
DLS, respectively. The average size of dispersed phase is between 10-20 µm and 200-
300 nm, respectively.  
 
 
 
 
 
 
Figure 4.6 Size distributions of hexadecane droplets in the feed hexadecane-in-water 
emulsion. (a) A representative optical microscopy image of the feed hexadecane-in-water 
emulsion. (b) and (c) The number size distributions for the hexadecane-in-water feed 
emulsion for droplets > 1 µm and < 1 µm, respectively. 
 
 
To demonstrate the preferential wetting of water over oil, in the presence of PS80, 
we measured the macroscopic contact angles for water with 1.2 mg/ml of PS80 (  = γ lv
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40.2 mN/m) and hexadecane with 0.3 mg/ml of PS80 (γ lv  = 24.9 mN/m) as a function of 
the voltage V applied across the dielectric layer (see figure 4.7a). The macroscopic 
contact angle for hexadecane (  = 68°) is independent of V, while the 
macroscopic contact angle for water decreases from  = 80º at V = 0 V until it 
saturates at  = 38º for all V > 0.8 kV. For  = 1.9 (as was the case for the data 
shown in figure 4.2a), the predictions from equation 4.1 match well with experimental 
data. 
 
Figure 4.7 EWOD behavior of water and oil in the presence of PS80. (a) Macroscopic 
contact angles for water and hexadecane (HD) in the presence of PS80 as a function of 
applied voltage on the non-textured substrate. (b) Competitive wetting of water and 
hexadecane containing PS80. Insets (i) and (ii) show the macroscopic contact angle for 
hexadecane before and after applying voltage, respectively. (c) A schematic showing the 
competitive wetting of water and oil.  
 
 
In the case of hexadecane-in-water emulsions, the medium surrounding the 
emulsified hexadecane droplets is water. In order to study the wetting behavior of 
hexadecane surrounded by water upon applying an electric field, we conducted EWOD of 
a hexadecane droplet on a non-textured 50 wt% fluorodecyl POSS + x-PDMS substrate 
submerged in water, in the presence of PS80. Figure 4.7b shows the macroscopic contact 
θhexadecane
ew
θwater
ew
θwater
ew εd
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angles for hexadecane as a function of the voltage V applied across the dielectric layer. In 
contrast to the behavior observed in figures 4.2a and 4.7a, the macroscopic contact angle 
for hexadecane increases from  = 58º at V = 0 V (see inset (i) in figure 4.7b) 
until it saturates at  = 115º (see inset (ii) in figure 4.7b). This is a direct 
consequence of the decrease in the macroscopic contact angle for water, 
, as shown in figure 4.7c. The macroscopic contact angle for water 
decreases from  = 122º at V = 0 V until it saturates at  = 65º, and this manifests 
as an increase in the macroscopic contact angle for hexadecane. For  = 1.9 (as was the 
case for the data shown in figures 4.2a and 4.7a) and oil-water interfacial tension  = 
8.1 mN/m, the predictions from equation 4.1 match well with experimental data for 
water.  
Utilizing the electric field driven preferential wettability transition of water over 
hexadecane in the presence of PS80, we are able to separate hexadecane-in-water 
emulsions. The membrane module and the electrode configuration are the same as those 
used for free oil and water separation. In the presence of PS80, on non-textured 50 wt% 
fluorodecyl POSS + x-PDMS substrates, at V = 0 V,  = 68° and  = 79° (see 
Table 4.1). Using these values in equation 4.6, we estimate  = 686 Pa for 
the hexadecane-air interface (  = 24.9 mN/m) and  = 1265 Pa for the water-
air interface (  = 40.2 mN/m). 
θhexadecane
ew
θhexadecane
ew
θwater
ew = π −θhexadecane
ew
θwater
ew θwater
ew
εd
γow
 θhexadecane  θwater
Pcritical , hexadecane
γ lv Pcritical , water
γ lv
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Figure 4.8 Separation of oil-in-water emulsion. (a) An apparatus with a liquid column of 
hexadecane-in-water emulsion above the membrane before applying an electric field. (b) 
Water-rich permeate passes through while hexadecane-rich retentate is retained when a 
voltage V ~ 1.1 kV is applied. (c) Separation of the hexadecane-in-water emulsion using 
a scaled-up apparatus. Water is dyed blue and hexadecane is dyed red.  
 
 
Before applying an electric field, the dip-coated nylon membranes can support a 3 
cm column of 50:50 vol:vol hexadecane-in-water emulsion (see figure 4.8a) because 
 = 260 Pa <  = 1265 Pa. Upon the application of the electric field, 
 increases with increasing voltage, and at V = 1.1 kV, we calculate = 69.7 µm 
(see section 4.3.2.2),  ≈ . This matches well with our experimental 
observation of the permeation of water-rich phase through the membrane module at an 
applied voltage V = 1.10.3 kV. After separation (see figure 4.8b), the dip-coated nylon 
membranes can prevent the permeation of the hexadecane-rich phase (column height h = 
1.5 cm) because  = 113 Pa <  = 686 Pa. Further, our dip-coating 
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based membrane module is easy to scale-up, we have developed an apparatus to separate 
several liters of hexadecane-in-water emulsions. Figure 4.8c shows the separation of 
hexadecane-in-water emulsion using scaled-up apparatus.  
 
 
 
 
 
 
 
 
 
Figure 4.9 TGA and transmittance data. (a) TGA data for the permeate and the retentate 
obtained from the batch separation of hexadecane-in-water emulsion. (b) Transmittance 
data for hexadecane-in-water feed emulsion and the permeate after separation.  
 
 
Figure 4.9a shows the TGA data for the hexadecane-rich retentate and the water-
rich permeate obtained from the separation of hexadecane-in-water emulsion. The data 
for pure water and as-obtained hexadecane (HD) are also shown for comparison. The 
measurements show that the permeate contains ~ 0.1 wt% of hexadecane while the 
retentate contains ~ 0.1 wt% of water. We also conducted transmittance measurements to 
estimate the permeate (water-rich phase) quality relative to the feed emulsion. Figure 
4.9b shows the transmittance of hexadecane-in-water feed emulsion (absorbance 
normalized to 1), the transmittance of the corresponding permeate, as well as, the 
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transmittance of pure water between 390 nm and 750 nm (visible spectrum). It is evident 
that the feed emulsion is very turbid, while the corresponding permeate is very clear. This 
indicates that our separation methodology leads to nearly complete separation.  
 
 
 
 
 
 
 
 
Figure 4.10 Number size distributions of the permeate. (a) and (b) The number size 
distributions of the permeate from the separation of the hexadecane-in-water emulsion 
obtained with optical image analysis and DLS, respectively.  
 
 
Figures 4.10a and 10b show the number size distribution for the permeate 
obtained the separation of a hexadecane-in-water emulsion determined using image 
analysis and DLS, respectively. Comparing hexadecane-in-water feed emulsion with the 
permeate, it is evident that nearly all hexadecane droplets above 30 µm were removed 
during operation. However, the droplet size distribution below 1 µm remains unchanged 
during separation.  
4.3.4.3.Separation of water-in-oil emulsion 
 Unlike oil-in-water emulsions, electric field driven separation of water-in-oil 
emulsions occurs through a combination of two different processes. First, water-in-oil 
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emulsions demulsify into water-rich and oil-rich phases via electrostatic coalescence35,36. 
Immediately after the onset of demulsification, the electric field driven preferential 
wettability transition of water over oil (similar to the separation of free oil and water) 
results in the complete separation of the water-rich and oil-rich phases. 
 
Figure 4.11 Size distributions of water droplets in the feed water-in-hexadecane 
emulsion. (a) A representative optical microscopy image of the feed emulsion. (b) and (c) 
The number size distributions for the feed emulsion for droplets > 1 µm and < 1 µm, 
respectively. 
 
 
Figure 4.11a shows representative optical microscopy image for the 30:70 vol:vol 
span80 stabilized water-in-hexadecane emulsion. Figures 4.11b and 11c show the number 
size distributions of the dispersed phase determined using image analysis and DLS, 
respectively. The average size of dispersed phase is between 10-20 µm and 200-400 nm, 
respectively. 
Similar to PS80, in the presence of span80, the macroscopic contact angle for 
hexadecane with 1.4 mg/mL span80 (  = 25.7 mN/m),  = 68°, is independent of 
V. Since span80 is virtually insoluble in water, the macroscopic contact angles for water 
γ lv θhexadecane
ew
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as a function of the voltage V applied across the dielectric layer are the same as those 
shown in figure 4.2a. 
 
 
 
 
 
 
 
 
 
Figure 4.12 Separation of water-in-oil emulsion. (a) An apparatus with a liquid column 
of water-in-hexadecane emulsion above the membrane before applying an electric field. 
(b) The water-in-hexadecane emulsion is demulsified into the water-rich and the 
hexadecane-rich phases upon applying an electric field. (c) After the onset of 
demulsification, water-rich permeate passes through while hexadecane-rich retentate is 
retained when a voltage V ~ 2.0 kV is applied. Water is dyed blue and hexadecane is 
dyed red.  
 
 
The membrane module and the electrode configuration are the same as those used 
for free oil and water, and oil-in-water emulsion separations. In the presence of span80, 
on non-textured 50 wt% fluorodecyl POSS + x-PDMS substrates, at V = 0 V,  = 
68° and  = 115° (see Table 4.1). Using these values in equation 4.6, we estimate 
 = 708 Pa for the hexadecane-air interface (  = 25.7 mN/m) and 
 = 3540 Pa for the water-air interface (  = 72.1 mN/m). Before applying an 
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Pcritical , hexadecane γ lv
Pcritical , water γ lv
! 122 
electric field, the dip-coated nylon membranes can support a 3 cm column of 30:70 
vol:vol water-in-hexadecane emulsion because  = 247 Pa <  = 708 
Pa (see figure 4.12a). Upon applying the electric field, water-in-hexadecane emulsion 
demulsifies into water-rich and hexadecane-rich phases due to electrostatic coalescence 
(see figure 4.12b). Immediately after the onset of demulsification,  increases with 
increasing voltage, and at V = 2.2 kV, we calculate = 81.1 µm (see section 4.3.2.2), 
 ≈ . This matches well with our experimental observation of the 
permeation of water-rich phase through the membrane module at an applied voltage V = 
2.00.3 kV. After separation, the dip-coated nylon membranes can prevent the 
permeation of the hexadecane-rich phase (column height h = 2.1 cm) because  = 
158 Pa <  = 708 Pa. TGA (figure 4.13a) and transmittance measurements 
(figure 4.13b) indicate that the permeate contains ~ 0.1 wt% hexadecane while the 
retentate contains ~ 0.1 wt% water.  
 
 
 
 
 
 
 
Figure 4.13 TGA and transmittance data. (a) TGA data for the permeate and the retentate 
obtained from the batch separation of water-in-hexadecane emulsion. (b) Transmittance 
data for water-in-hexadecane feed emulsion and the permeate after separation.  
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4.3.5. Continuous separation of water-in-oil emulsions 
In the batch separation apparatus discussed above, continuous addition of water-
in-oil feed emulsion leads to accumulation of oil above the membrane and oil will 
eventually permeate through the membrane when . Therefore, we 
designed a continuous separation apparatus (see figure 4.14a) with two types of 
membrane modules operating in parallel – the membrane module shown in the schematic 
inset of figure 1g at the bottom, and a hydrophobic and oleophilic membrane (2D = 37.5 
µm, R = 12.5 µm,  = 35.6 mN/m) on the side-wall. The water-in-hexadecane feed 
emulsion is continuously fed by a syringe pump. On continuously applying a voltage V = 
2.00.3 kV, water-rich phase permeates through the membrane module at the bottom. 
Simultaneously, hexadecane-rich phase accumulates in the apparatus and eventually 
permeates through the hydrophobic and oleophilic membrane on the sidewall. At steady-
state, under an electric field, water-rich phase continuously permeates through the 
membrane module at the bottom, while the hexadecane-rich phase continuously 
permeates through the hydrophobic and oleophilic membrane on the sidewall as shown in 
figure 4.14a. TGA indicates that the water-rich permeate contains ~ 0.1 wt% hexadecane 
and the hexadecane-rich permeate contains ~ 0.1 wt% water (see figure 4.14b). Karl 
Fischer analysis37,38 indicates that the hexadecane-rich permeate contains ~ 88 ppm 
water. Note that the solubility of water in hexadecane at room temperature is ~ 20-50 
ppm39,40. 
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Figure 4.14 Continuous separation of water-in-hexadecane emulsion. (a) An apparatus 
used for continuous separation of water-in-hexadecane emulsion. Water-rich permeate 
passes through the membrane module at the bottom, while hexadecane-rich permeate 
passes through the hydrophobic and oleophilic membrane on the side-wall. (b) TGA data 
for the water-rich and the hexadecane-rich permeates. Water is dyed blue and hexadecane 
is dyed red.  
 
 
We also computed the fraction of emulsified water droplets removed from water-
in-hexadecane emulsions during the separation. Consider 100 mL of 30:70 v:v water-in-
hexadecane feed emulsion containing 30 ml of water and 70 ml of hexadecane. We 
determined the volume fraction of emulsified water droplets (< 20 µm) in our feed 
emulsions to be 0.016 from the volume size distribution (see figure 4.15).  Thus, the 
volume of emulsified water droplets in 100 mL of feed emulsion is 0.48 ml. In 
continuous separation, 100 ml of feed emulsion results in approximately 30 ml of water-
rich permeate and 70 ml of hexadecane-rich permeate. Karl Fischer analysis indicates 
that the amount of water in the hexadecane-rich permeate is ~ 0.0088 wt%, which is 
equivalent to ~ 0.0068 vol%. Thus, the volume of water in the hexadecane-rich permeate 
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is 0.0047 ml. Even if we assume that the size of all the water droplets in the hexadecane-
rich permeate is < 20 µm, comparing the volume of the emulsified water droplets in the 
feed emulsion (0.48 ml) to that in the hexadecane-rich permeate (0.0047 ml), we 
conclude that the volumetric fraction of emulsified droplets removed during separation is 
at least 99%. Flux for the water-rich permeate through the membrane was measured to be 
≈ 200 L/m2-h. This value is comparable to those reported in literature for other 
membranes41-46.  
 
 
 
 
 
 
 
 
 
 
Figure 4.15 Volume size distribution of water droplets for the water-in-hexadecane feed 
emulsion. The dashed region represents droplets below 20 µm (emulsified droplets). 
 
 
4.3.6. Location and concentration of the surfactant after oil-water emulsion 
separation 
We estimated the amount of surfactant in the permeate and the retentate after 
emulsion separation by measuring the permeate and retentate contact angles and 
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comparing them with calibration curves of contact angles for water and hexadecane as a 
function of surfactant concentration. The calibration curves were developed by measuring 
the contact angles on flat surfaces spin-coated with a 50 wt% fluorodecyl POSS + x-
PDMS blend. The 50 wt% fluorodecyl POSS + x-PDMS blend was chosen because it is 
essentially non-polar. 
Figures 4.16a and 16b show the advancing and receding contact angles for water 
and hexadecane, respectively, as a function of PS80 concentration. After the batch 
separation of PS80 stabilized hexadecane-in-water emulsion, the advancing and receding 
contact angles for the water-rich permeate are 94º ± 2º and 64º ± 2º while those of 
hexadecane-rich retentate are 76º ± 2º and 63º ± 2º. By comparing these values with 
figures 4.16a and 4.16b, it is evident that the concentration of PS80 in the water-rich 
permeate is between 1.2-1.5 mg/ml and the concentration of PS80 in the hexadecane-rich 
retentate is 0-0.3 mg/ml. This is because of the higher solubility of PS80 in water when 
compared to hexadecane. In contrast to PS80, span80 is virtually insoluble in water. The 
advancing and receding contact angles for the water-rich permeates from the batch 
separation and the continuous separation of water-in-hexadecane emulsions are 123°±2° 
and 108°±2°, respectively. By comparing these values with those of water without any 
surfactant (see Table 4.1), it is evident that there is no span80 in the water-rich phase. 
Consequently, after separation of the water-in-hexadecane emulsions, we estimate that 
nearly all the span80 is in the hexadecane-rich phase. 
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Figure 4.16 Location and concentration of surfactant after emulsion separation. (a) and 
(b) Advancing and receding contact angles for water and hexadecane, respectively, as a 
function of PS80 concentration.  
 
 
4.4. Conclusion 
In summary, we have developed the first-ever membrane-based unit operation 
that allows for electric field driven on-demand separation of various oil-water mixtures. 
Using our methodology, we demonstrated the on-demand separation of free oil and water, 
oil-in-water emulsions and water-in-oil emulsions, with ≥ 99.9% separation efficiency 
using a single membrane. The voltage required to trigger the separation was computed 
using a breakthrough pressure model that incorporates Maxwell stress and the hydrostatic 
pressure. The predictions from the model were found to match well with our experiments. 
The ease of scalability of the developed apparatus allowed us to separate larger quantities 
of oil-water emulsions. Finally, we have engineered a continuous oil-water emulsion 
separation apparatus that is triggered on-demand and removes > 99% of the emulsified 
droplets. We envision that our on-demand separation methodology will be useful for a 
wide range of applications such as clean up of oil-spills, fuel-purification, separation of a 
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range of commercial emulsions and waste-water treatment. Besides oil-water separation, 
it has other potential applications such as designing microfluidic valves that selectively 
allow one liquid to flow through while retaining the other. An array of such microfluidic 
valves would allow for the development of programmable liquid paths with precise 
control over the position or flux of the desired liquid in a lab on a chip device.  
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CHAPTER 5 
Energy-efficient separation of miscible components using 
hygro-responsive membranes 
 
5.1. Introduction 
Separation of miscible components from a liquid mixture is crucial in various 
industries, including the oil refining industry. For example, crude oil processing includes 
fractionation and the separation of miscible impurities such as sulfur, nitrogen and metal 
compounds1. Similarly, high quality biofuels, such as bioethanol or biodiesel, can be 
produced by removing methanol and water byproducts, which are completely miscible2. 
In addition, recovery of acids from agroindustrial wastewater is important not only for 
environmental requirements, but also for economic benefits3,4.  
Distillation is one of the most widely used separation methods for separating 
miscible components from a liquid mixture5 by utilizing the differences in boiling points 
between the various mixture components6. However, distillation has a high energy-cost, 
being a thermally driven process5. Further, it is unsuitable for the separation of 
components with similar boiling points and azeotropes6.   
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Liquid-liquid extraction, also known as solvent extraction, is typically used to 
separate azeotropes or components with overlapping boiling points when simple 
distillation cannot be used7,8. It transfers components from one phase to another based on 
the solubility differences of the components between the two phases9. Typically, two 
immiscible liquid phases are involved in the liquid-liquid extraction process. The solution 
whose components are to be separated is the feed, whereas the liquid contacting the feed 
for the purpose of extraction is termed the extractant7,9,10. In the liquid-liquid extraction 
process, components dissolved in the feed are extracted into the extractant7-9.  
For an efficient extraction of components, maximizing contact between the feed 
and the extractant is critical. This is typically accomplished by energy-intensive 
techniques such as ultrasonication11, or pumping the feed and the extractant through 
columns with moving internals, or using packed columns with high tortuosity12 and high 
resistance to fluid flow. A relatively less energy-intensive technique is emulsification of 
the feed and the extractant13,14. While emulsions, especially those stabilized by 
surfactants, provide a large interfacial area and greatly enhance the mass transfer in 
extraction13-15, the subsequent separation of emulsions can be energy-intensive and less 
economical16-22. Consequently, there is a great need and a significant opportunity to 
develop a new energy-efficient separation methodology with enhanced mass transfer 
during extraction and facile separation of the surfactant-stabilized emulsion. 
In this work, we have developed a novel energy-efficient separation methodology 
that combines liquid-liquid extraction using surfactant-stabilized emulsions, and solely-
gravity driven (i.e., without any external energy) separation of these emulsions into a 
single unit operation, using membranes with hygro-responsive surfaces23. We also 
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demonstrate the separation of various miscible liquid mixtures, including the separation 
of an ethanol-heptane azeotrope, as well as, miscible impurities from oils. We anticipate 
that our separation methodology has numerous applications, including the production of 
diesel with ultra-low sulfur content, separation and purification of bio-fuels, removal of 
dyes from jet fuels and separation of azeotropes.  
 
5.2. Experimental Procedure 
5.2.1. Materials 
Cellulose-based filter papers (nominal pore size ≈ 25 µm and 2.5 µm) and wipe 
were obtained from Whatman and Contec, respectively. Heptadecafluoro-1,1,2,2-
tetrahydrodecyl triethoxysilane and n-octadecyltrichlorosilane were obtained from Gelest. 
N,N-dimethyl formamide (DMF), methanol, ethanol and toluene were obtained form 
Fischer Scientific. Heptane was obtained from J.T.Baker. Hexadecane was obtained from 
Alfa Aesar. Dodecane, n-butanol, n-hexanol were obtained from Sigma Aldrich. N-
octanol was obtained from Acros Organics. Disperse Red 1, Methyl Oleate, 
Benzothiophene and 2-Methyl-2-propanethiol (t-butyl thiol), poly(methyl methacrylate) 
(PMMA) were obtained from Sigma Aldrich. Methylene blue (blue dye), oil red-o (red 
dye), sodium dodecyl sulphate (SDS) were obtained from Fisher Scientific. Asahiklin 
AK-225 was obtained from Structure Probe, Inc.  
5.2.2. Hygro-responsive membrane preparation 
Cellulose-based filter papers and wipes were treated using oxygen plasma for 5 
min and subsequently exposed to vapor phase heptadecafluoro-1,1,2,2-tetrahydrodecyl  
triethoxysilane for 20 h at room temperature (~ 22 °C ).  
! 135 
5.2.3. Conventional hydrophobic and oleophilic membrane preparation 
5.2.3.1. Membranes used for the separation of dye (or sulfur compounds) and for 
the separation of methanol  
A solution (2.5 mg/ml) of n-octadecyltrichlorosilane was prepared in toluene. 
Cellulose-based filter papers (nominal pore size ≈ 25 µm) were dip-coated in the solution 
for 30 min and dried with nitrogen gas at room temperature ( ~ 22 °C) for 5 min. Dip-
coated filter papers were then baked at 70 ºC in an oven for 2 h followed by thorough 
rinsing with ethanol. These filter papers allow dodecane and methyl oleate to permeate 
through while preventing permeation of DMF and water.  
5.2.3.2. Membranes used for the separation of ethanol from ethanol-heptane 
azeotrope  
A solution (10 mg/ml) of poly(methylmethacrylate) (PMMA) was prepared in 
Asahiklin AK-225. Cellulose-based filter papers (nominal pore size ≈ 25 µm) were dip-
coated in the solution for 30 min and dried with nitrogen gas at room temperature ( ~ 22 
°C) for 5 min.  
5.2.4. Characterization techniques 
5.2.4.1. Contact angle measurements 
All measurements of contact angle were conducted using a Ramé–Hart 200-F1 
goniometer. All contact angles reported in this work were measured by advancing or 
receding a small volume of liquid (~2 µl) onto the surface using a 2 ml micrometer 
syringe (Gilmont). At least three measurements were performed on each substrate. The 
typical error in measurements was ±2°. 
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5.2.4.2. Microscopy 
The surface morphology of the membranes was characterized using a Hitachi 
SU8000 scanning electron microscope at 10 kV. Optical microscopy of prepared 
emulsion was conducted using an Olympus BH-2 optical microscope. 
5.2.4.3. Refractive index measurements 
Refractive index measurements were conducted using a Reichert r2i300 
refractometer. A few drops of liquid sample (~ 300 µl) were applied. At least five 
measurements were performed to minimize errors. All measurements were performed at 
room temperature (~ 22 ± 0.1 °C). The typical error in measurements was ± 0.0002. 
5.2.4.4. UV-Vis spectroscopy 
The dye (Disperse Red 1) or benzothiophene content in the dodecane-rich phases 
after separation were measured using a Cary 50 Bio UV-Vis spectrophotometer. The UV-
Vis absorbance of the dodecane-rich phase was obtained and compared with calibration 
curves.  
5.2.4.5. Separation efficiency 
The methanol content in the hexadecane-rich phase and the hexadecane content in 
the methanol-rich phase after separation were measured using a Perkin Elmer Pyris 1 
TGA. Approximately 60 mg of a sample was heated from room temperature to 300 °C at 
a rate of 10 °C/min, and the temperature was held constant at 300 °C for 40 min. Note 
that the boiling point of hexadecane is 287 °C. The loss in weight of the hexadecane-rich 
phase was compared with the loss in weight of the as-obtained hexadecane to estimate the 
purity of the hexadecane-rich phase. Similarly, the loss in weight of the methanol-rich 
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phase was compared with the loss in weight of the as-obtained methanol to estimate the 
purity of the methanol-rich phase.  
The t-butyl thiol content in the dodecane-rich phase after separation was 
measured by injecting samples ranging in volume from 1-10 µL into a Gas 
Chromatography-Mass Spectroscopy (GC-MS) instrument.  
 
5.3. Results and discussion 
5.3.1. Wetting behavior of polar and non-polar liquids 
The membranes employed in this work are fabricated by controlled silanization of 
cellulose-based filter papers or wipes with heptadecafluoro-1,1,2,2-tetrahydrodecyl  
triethoxysilane (see section 5.2.2.). These membranes possess hygro-responsive surfaces 
(i.e., surfaces that respond to the contacting liquid) and are systematically designed based 
on the design parameters discussed in our previous work24-26. Controlled silanization of 
cellulose-based filter papers can create a thin layer of covalently bonded perfluorinated 
groups on the membrane surface27,28. Consequently, it allows for a robust and 
homogeneous coating on the membrane’s surface without clogging the pores28.  
When a non-polar liquid (virtually any oil) droplet contacts our membrane, it 
cannot permeate through and displays a high apparent contact angle (θ * ). For example, 
the advancing apparent contact angles for hexadecane and dodecane are θhexadecane,adv
* = 
104º and θdodecane,adv
* = 95º, respectively, on our membrane fabricated using a 2.5 µm pore 
size cellulose-based filter paper (see figure 5.1a).  In addition, those angles on a 
membrane fabricated using a cellulose-based wipe are θhexadecane,adv
* = 132º and θdodecane,adv
*
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= 115º (see figure 5.1b). This is due to a combination of the re-entrant texture of the 
membranes (see insets in figures 5.1a and 5.1b) and the low surface energy of the 
perfluorinated groups on the surface29-31. In contrast, when a polar liquid (virtually any 
protic or aprotic solvent that can hydrogen bond) droplet contacts our membrane, it 
completely wets the surface and permeates through (see figures 5.1a and 5.1b). This is 
due to the hydrogen bonding and dipole-dipole interactions between the polar liquid and 
the cellulose-based membrane surface.  
 
 
 
 
 
 
 
 
Figure 5.1 Wetting behavior of polar and non-polar liquids. (a) and (b) Droplets of 
ethanol (dyed blue), DMF (dyed green), hexadecane (dyed red) and dodecane (dyed 
yellow) on the hygro-responsive membranes fabricated using a cellulose-based filter 
paper (nominal pore size = 2.5 µm) and a wipe, respectively. Insets, morphologies of the 
respective filter paper and wipe surfaces. 
 
 
5.3.2. Time of wetting as a function of Hansen solubility parameters 
Hansen solubility parameters have been mainly used in the coatings industry as a 
practical tool for predicting thermodynamic and transport properties in polymer 
systems32-35. In addition, Hansen solubility parameters have direct application in surface 
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science where they have been used to characterize surfaces wettability36-39. The basis of 
Hansen solubility parameters is that the total cohesive energy of a liquid arises from three 
interactions: dispersive, dipole-dipole and hydrogen boding interactions32. Consequently 
there are three components in Hansen solubility parameters. These are δ d (dispersive),δ p
(polar) and δ h (hydrogen bonding) components.  
We measured the time of wetting for a series of alcohols on our membranes (see 
figure 5.2). We define the time of wetting as the time required for a polar liquid droplet to 
imbibe into the membrane. A polar liquid, with higher values for polar and hydrogen 
bonding components in Hansen solubility parameters, readily wets the surface and 
permeate through our membranes, as is evident from the decreased time of wetting for a 
series of alcohols (see figure 5.2). This indicates that wettability of polar liquids on our 
membrane surface is induced by a combination of hydrogen bonding and polar 
interactions.  
 
 
 
 
 
 
 
 
Figure 5.2 Time of wetting. Time of wetting for a series of alcohols on the hygro-
responsive membranes shown in figure 5.1a. Insets show sequential wetting of four 
alcohol droplets in the order of decreasing the sum of polar and hydrogen bonding 
components of Hansen solubility parameters.  
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5.3.3. Batch separations of liquid mixtures 
5.3.3.1. Batch separation of methanol-hexadecane mixture 
 
 
 
 
 
 
 
 
Figure 5.3 Batch separation of methanol and hexadecane mixture. (a) A batch separation 
apparatus with 50:50 v:v methanol-hexadecane mixture above the membrane. (b) 
Methanol-rich permeate passes through the membrane while hexadecane-rich phase is 
retained. Methanol is dyed blue and hexadecane is dyed red. (c) TGA data for the 
methanol-rich permeate and hexadecane-rich retentate. TGA data for as obtained 
methanol and hexadecane are also shown for comparison. Inset shows methanol-rich 
permeate contains ≈ 2 wt% hexadecane.  
 
 
As might be expected, the preferential wettability of our membranes by polar 
liquids over non-polar liquids can be used to separate mixtures of immiscible polar and 
non-polar liquids. Figures 5.3a and 5.3b show the batch separation of a 50:50 v:v 
methanol (polar liquid) and hexadecane (non-polar liquid) mixture. Our membrane 
(nominal pore size ≈ 2.5 µm) is sandwiched between the glass tubes (see figure 5.3a), and 
the liquid mixture is added to the upper glass tube. After a few minutes, the methanol-
rich phase permeates through the membrane whereas hexadecane-rich retentate is 
retained above the membrane (see figure 5.3b). After separation, the compositions of 
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methanol-rich permeate and hexadecane-rich retentate are measured using 
thermogravimetric analysis (TGA). TGA indicates that methanol-rich permeate contains 
≈ 2 wt% hexadecane, while hexadecane-rich retentate contains ≈ 0.1 wt% methanol (see 
figure 5.3c). These values are close to the mutual solubilities for methanol and 
hexadecane reported in literatures40. Note that TGA detection limit used in this 
measurement is 0.1 wt%. 
5.3.3.2. Batch separation of oil-soluble dye from dodecane 
 
 
Figure 5.4 Size distribution of dodecane droplets in the 50:50 v:v dodecane-in-DMF feed 
emulsion. (a) A representative optical microscopy image of feed emulsion. (b) and (c) 
The number size distributions of the feed emulsion for droplets > 1 µm and < 1 µm, 
respectively. 
 
 
Our hygro-responsive membranes are capable of separating immiscible polar and 
non-polar liquid mixtures, solely under gravity (see section 5.3.3.1.), but the separation of 
miscible polar and non-polar liquids is not trivial. In order to separate miscible 
components, we utilized liquid-liquid extraction with surfactant-stabilized emulsions, 
leading to enhanced mass transfer13-15. As an example, we illustrated the batch separation 
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of an oil-soluble red dye, Disperse Red 1, from dodecane using dimethyl formamide 
(DMF) as an extractant  and sodium dodecyl sulfate (SDS) as the surfactant.  
Figure 5.4a shows a representative optical image for the 50:50 vol:vol SDS-
stabilized dodecane-in-DMF feed emulsion. We determined the size distributions of the 
dispersed phase in feed emulsion using two techniques – optical microscopy image 
analysis for droplets above 1 µm in diameter and dynamic light scattering (DLS) for 
droplets below 1 µm. Figure 5.4b shows the number size distribution of the dodecane 
droplets determined using image analysis. The average size of the dispersed phase is 
between 1–20 µm. Figure 5.4c shows the number size distribution of the dodecane 
droplets, determined using DLS. The size varies between 100 – 300 nm. 
Our batch separation apparatus (see figure 5.5a) is the same as used in the 
separation of methanol-hexadecane mixtures (see section 5.3.3.1.) with a 2.5 µm  nominal 
pore size membrane. Dodecane containing the dye (20 ppm) is emulsified with DMF 
using SDS as the surfactant. The emulsion is added to the upper tube (see figure 5.5.a). 
Within a few minutes, our hygro-responsive membrane allows the dye-enriched DMF 
phase to permeate through solely under gravity, while preventing the permeation of the 
dye-depleted dodecane phase (see figure 5.5b). After separation, the dye-depleted 
dodecane phase retained above the membrane is almost perfectly transparent, indicating 
effective extraction. 
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Figure 5.5 Batch separation of the dye (Disperse Red 1). (a) A batch separation apparatus 
with 50:50 v:v dodecane-in-DMF emulsion above the membrane. (b) Dye-enriched DMF 
phase permeates through the membrane while dye-depleted dodecane phase is retained.  
 
 
5.3.4. Continuous separation methodology 
In the batch separation operation described in the previous sections, the retentate 
will continue to accumulate above the membrane, eventually breakthrough the 
membrane. In order to overcome the shortcomings of batch separation and make our 
separation methodology practical, we developed a continuous separation methodology 
that combines emulsification-enhanced extraction and hygro-responsive membrane-based 
separation into a single unit operation. The continuous separation apparatus (see figure 
5.6a) consists of a chamber where the feed and the extractant with dissolved surfactant 
are continuously fed using syringe pumps. We adopted a gravity-driven countercurrent 
flow with the lower density liquid fed from the bottom of the chamber and the higher 
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density liquid fed from the top of the chamber. The feed and the extractant phases are 
emulsified in-situ in the chamber by a mechanical stirrer. The chamber is also equipped 
with two membranes operating in parallel – a hygro-responsive membrane and a 
conventional hydrophobic and oleophilic membrane. While the hygro-responsive 
membrane allows a polar liquid to pass through and prevents the permeation of a non-
polar liquid, the conventional membrane allows a lower surface tension liquid (e,g., 
dodecane, γ lv  = 25.4 mN/m) to pass through and prevents the permeation of a higher 
surface tension liquid (e.g., DMF, γ lv = 37.1 mN/m). Note that the membrane separation 
occurs continuously and simultaneously along with emulsification and extraction.  
5.3.4.1. Separation of oil-soluble dye (Disperse Red 1) from dodecane 
Using our continuous separation methodology, dye (Disperse Red 1) is separated 
from dodecane (see figure 5.6a). Dodecane containing 30 ppm dye is continuously fed 
from the bottom of the chamber, while DMF with dissolved SDS is continuously fed 
from the top of the chamber using syringe pumps. Here, SDS is chosen as the surfactant 
because it is immiscible with dodecane (the desired phase). During operation, the polar 
dye-enriched DMF phase continuously permeates through the hygro-responsive 
membrane at the bottom, while the dye-depleted dodecane phase with lower surface 
tension continuously permeates through the conventional hydrophobic and oleophilic 
membrane on the side–wall.  
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Figure 5.6 Continuous separation of dye (Disperse Red 1). (a) An apparatus used for 
continuous separation of dye using SDS-stabilized dodecane-in-DMF emulsion. (b) UV-
Vis absorbance data for the dodecane phases obtained from continuous separations with 
and without emulsification, using a 90:10 feed:extractant volumetric flow rates. (c) The % 
dye unextracted from dodecane after separations using different feed:extractant 
volumetric flow rates. Inset shows the dodecane phase after separations.  
 
 
UV-Vis absorbance measurements indicate that the dye-depleted dodecane phase 
contains ≤ 0.5 ppm of dye (see figure 5.6b). Further, it is also evident that the purity of 
the permeate after surfactant-enhanced extraction increases 300% compared to that from 
a separation without the surfactant (see figure 5.6b). This is a direct consequence of 
enhanced mass transfer of the dye due to the increased interfacial area between the feed 
(dodecane) and the extractant (DMF) in the emulsion. In order to understand their 
difference in more detail, we measured and compared percentages of the dye remaining 
in the emulsified feed with those obtained from separations without surfactant, using 
various ratios of feed:extractant volumetric flow rates. Figure 5.6c shows % dye 
unextracted from dodecane as a function of feed:extractant volumetric flow rates. It is 
! 146 
evident that the emulsification of the feed and the extractant leads to a more efficient 
extraction of the dye for a given feed:extractant volumetric flow rates.  
5.3.4.2. Separation of methanol from methyl oleate 
Biodiesel, a renewable and biodegradable source of energy, is considered an 
appropriate alternative to fossil fuels41. The most common way to produce biodiesel is 
through transesterification, where vegetable oils or animal fats are chemically reacted 
with alcohols42-44. The reaction produces a new chemical compound called methyl ester 
(i.e., biodiesel) and byproducts, including glycerol and excess methanol42-44. After the 
reaction, methyl ester must be purified from glycerol and other by-products45,46. Although 
glycerol can be easily separated from biodiesel through centrifugation or decantation, 
because of its poor solubility and significant density difference45,47, the separation of 
methanol requires energy-intensive operations such as vacuum distillation45,48.  
We demonstrate the separation of methanol from methyl oleate using water as the 
extractant and SDS as the surfactant. Here we utilize methyl oleate as a representative of 
biodiesel. Methyl oleate containing 10 vol% of methanol is continuously fed from the 
bottom of the chamber, while water with dissolved SDS is continuously fed from the top 
of the chamber to achieve a gravity-driven countercurrent flow. The feed (i.e., methyl 
oleate containing 10 vol% methanol) and the extractant (water with dissolved SDS) 
phases are emulsified in-situ in the chamber using a mechanical stirrer. The methanol-
enriched aqueous phase continuously permeates through the hygro-responsive membrane 
at the bottom, while the methanol-depleted methyl oleate phase continuously permeates 
through the conventional hydrophobic and oleophilic membrane on the side-wall.  
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Figure 5.7 Continuous separation of methanol from methyl oleate. (a) Refractive index 
data for methyl oleate as a function of methanol concentration (0–10 vol%). (b) 
Refractive index data for water as a function of methanol concentration (0–50 vol%). 
Insets show calibration curves of refractive index for methyl oleate and water as a 
function of methanol concentrations (0–100 vol%). (c) The % methanol unextracted from 
methyl oleate as a function of feed:extractant volumetric flow rates. 
 
 
The amount of methanol in the dodecane phase was determined by measuring its 
refractive index and comparing it with calibration curves of refractive index. The 
calibration curves were developed by measuring refractive index of methyl oleate with 
different vol % methanol. Figure 5.7a shows the refractive index of methyl oleate as a 
function of methanol concentration.  
First, consider the methanol-depleted methyl oleate phase using a 90:10 
feed:extractant volumetric flow rate. The refractive index of the methanol-depleted 
methyl oleate phase is 1.4503±0.0002. By comparing this with figure 5.7a, it is evident 
that the concentration of methanol in the methyl oleate phase after separation is ≈ 2.5 
vol%. On the other hand, the refractive index of the methanol-depleted methyl oleate 
phase obtained from the continuous separation without emulsification is 1.4471±0.0003 
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yielding ≈ 5.5 vol%. This clearly indicates that extraction using surfactant-stabilized 
emulsion facilitates more efficient removal of methanol from the methyl oleate phase. 
The amount of methanol in aqueous phase was also determined by measuring the 
refractive index and comparing it with calibration curves developed by measuring 
refractive index of water with different vol % methanol. Figure 5.7b shows the refractive 
index of water as a function of methanol concentration.  
Consider the aqueous phase from continuous separation of SDS-stabilized methyl 
oleate-in-water emulsion using a 90:10 feed:extractant volumetric flow rate. The 
refractive index of the methanol-enriched aqueous phase is 1.3406±0.0002. By 
comparing this with figure 5.7b, the concentration of methanol in the aqueous phase is ≈ 
41 vol%. The methanol-enriched aqueous phase obtained from the continuous separation 
without emulsification. It is found to be 1.3388±0.0001, corresponding to ≈ 31 vol% 
methanol in water (see figure 5.7b). Again, this indicates that a larger amount of 
methanol is extracted by using surfactant-stabilized emulsion.  
Refractive indices of the methyl oleate-rich and aqueous phases after continuous 
separations, with emulsification and without emulsification, using various feed:extractant 
volumetric flow rates are listed in Table 5.1. These values were found to match well with 
our calculated mass balance. 
Figure 5.7c shows % methanol unextracted from continuous separations as a 
function of feed:extractant volumetric flow rates based on the refractive index 
measurements. It also supports that emulsification of the feed and the extractant enhances 
efficient removal of methanol from the feed for a given feed:extractant volumetric flow 
rate.  
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The total energy consumption to obtain purified methyl oleate, through the 
removal of methanol, using our methodology was compared with that of conventional 
distillation. First, consider continuous separation of methanol from methyl oleate using 
our methodology. After separation, we obtain the methanol-depleted methyl oleate phase 
through a conventional hydrophobic and oleophilic membrane, while the methanol-
enriched aqueous phase is obtained through a hygro-responsive membrane. Our 
methodology requires electric energy to pump the feed and the extractant into the 
chamber using syringe pumps as well as emulsify them using a mechanical stirrer. We 
calculated the required electric energy to obtain 1 kg of methyl oleate, to be 144 kJ. In 
addition to the electric energy for pumping and emulsifying the feed and extractant, we 
need to consider the energy for recycling the extractant (water). In order to address this, 
we assume that water is recovered by removing methanol through distillation; it being the 
most commonly used method. Based on previous literature49, we calculated the energy 
required, to distill methanol from the aqueous phase, to be 180 kJ. Thus, the total energy 
required to obtain 1 kg of methyl oleate using our methodology is 324 kJ. This value is 
lower than that required to obtain the same amount of pure methyl oleate using 
distillation without liquid-liquid extraction of methanol. In the previous literature50, it 
varies between 445 – 6977 kJ. Thus, our methodology can be very useful for energy 
efficient during biodiesel purification.  
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Table 5.1.  Measured refractive indices for the methanol-depleted dodecane phases and 
the methanol-enriched aqueous phases during continuous separations using different 
feed:extractant volumetric flow rates. 
 
 
Feed:Extractant 
(vol:vol) 
Refractive index 
Methyl Oleate phase Aqueous phase 
Emulsification Non-emulsification Emulsification 
Non-
emulsification 
90:10 1.4503 1.4471 1.3407 1.3388 
80:20 1.4507 1.4478 1.3374 1.3358 
70:30 1.4514 1.4490 1.3355 1.3347 
60:40 1.4521 1.4508 1.3345 1.3343 
50:50 1.4525 1.4515 1.3339 1.3336 
 
 
 
5.3.4.3. Separation of ethanol-heptane azeotrope 
Liquid-liquid extraction is a useful alternative for the separation of azeotropes 
(i.e., constant boiling mixtures), which cannot be separated by simple distillation7,8,10. 
Effective separation of oil and alcohol mixtures, including azeotropes, is necessary in 
numerous areas including biodiesel production41,42,47, edible oils refining51,52 and 
petrochemical industries1,53.  
Here, we demonstrate the separation of an ethanol-heptane azeotrope (49:51 
wt:wt ethanol:hepane)54 using water as an extractant and SDS as a surfactant. SDS is 
chosen as the surfactant because it is immiscible with heptane (the desired phase). The 
! 151 
ethanol-heptane azeotrope is continuously fed from the bottom of the chamber, while 
water with dissolved SDS is continuously fed from the top of the chamber to achieve a 
gravity-driven countercurrent flow. The feed (i.e., ethanol-heptane azeotrope) and the 
extractant (water with dissolved SDS) phases are emulsified in-situ using a mechanical 
stirrer. The ethanol-enriched aqueous phase continuously permeates through the hygro-
responsive membrane at the bottom, while the ethanol-depleted, heptane-rich phase 
continuously permeates through the conventional hydrophobic and oleophilic membrane 
on the side-wall.  
The amount of ethanol remaining in the heptane-rich phase after continuos 
separations is determined by measuring its refractive index and comparing it with 
calibration curves developed by measuring refractive index of heptane with different 
concentrations of ethanol (figure 5.8a). Because water is virtually insoluble in heptane, 
the refractive index of the ethanol-depleted heptane phase obtained from the separation 
can be directly compared with that of ethanol-heptane mixture. 
 
Figure 5.8 Continuous separation of ethanol from the ethanol-heptane azeotrope. (a) 
Refractive index data for heptane as a function of ethanol concentration (0–16 vol%). 
Inset shows calibration curves of refractive index for heptane as a function of ethanol 
concentration (0–100 vol%). (b) Refractive index data for water as a function of ethanol 
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concentration (0–100 vol%). (c) The % ethanol unextracted from ethanol-heptane 
azeotrope as a function of feed:extractant volumetric flow rates. 
 
 
First, consider the ethanol-depleted heptane phase obtained from the continuous 
separation of SDS-stabilized emulsion using a 50:50 feed:extractant volumetric flow rate. 
The refractive index of the ethanol-depleted heptane phase is 1.3879±0.0001. By 
comparing this with figure 5.8a, the concentration of ethanol is ≈ 0.4 vol%. By contrast, 
the refractive index of the ethanol-depleted heptane phase obtained from the continuous 
separation without emulsification is 1.3877±0.0001 and corresponds to ≈ 1.0 vol% 
ethanol in heptane.  
Similar to the separation of methanol from methyl oleate (see section 5.3.4.2.), 
extracted ethanol is transferred into the extractant (i.e., water). We determined the 
amount of ethanol in the aqueous phase after continuous separation by measuring its 
refractive index and comparing it with calibration curves developed by measuring 
refractive index of water with different concentrations of ethanol shown in figure 5.8b.  
Consider the aqueous phase from continuous separation of SDS-stabilized 
emulsion using a 50:50 feed:extractant volumetric flow rate. The refractive index of the 
ethanol-enriched aqueous phase is 1.3502±0.0002. By comparing this with figure 5.8b, 
the concentration of ethanol in the aqueous phase is ≈  31 vol%. We also measured the 
refractive index of the ethanol-enriched aqueous phase obtained from the continuous 
separation without emulsification. It was 1.3497±0.0002 yielding ≈  31 vol% ethanol in 
heptane. Refractive indices of the ethanol-depleted heptane phase and the aqueous phase 
after continuous separation, with emulsification and without emulsification, using various 
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feed:extractant volumetric flow rates are listed in Table 5.2. These values were found to 
match well with our calculation, based on the overall mass balance for the system. 
Figure 5.8c shows % ethanol unextracted from separations as a function of 
feed:extractant volumetric flow rates. It shows that < 1 % ethanol remains in the ethanol-
heptane azeotrope after continuous separation of SDS-stabilized emulsion using a 50:50 
feed:extractant volumetric rato. It is evident that emulsification of the feed and the 
extractant leads to more efficient removal of ethanol from the feed for a given 
feed:extractant volumetric flow rate.  
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Table 5.2.  Measured refractive indices for the ethanol-depleted heptane phase and the 
ethanol-enriched aqueous phase during continuous separations using different 
feed:extractant volumetric flow rates. 
 
Feed:Extractant 
(vol:vol) 
Refractive index 
Heptane phase Aqueous phase 
Emulsification Non-emulsification Emulsification 
Non-
emulsification 
97:3 1.3840 1.3835 1.3640 1.3641 
96:4 1.3849 1.3844 1.3647 1.3647 
95:5 1.3860 1.3854 1.3650 1.3650 
94:6 1.3865 1.3858 1.3648 1.3647 
92:8 1.3868 1.3862 1.3649 1.3648 
91:9 1.3871 1.3868 1.3649 1.3649 
90:10 1.3874 1.3871 1.3650 1.3650 
80:20 1.3876 1.3873 1.3629 1.3628 
70:30 1.3877 1.3875 1.3593 1.3590 
60:40 1.3878 1.3876 1.3552 1.3550 
50:50 1.3879 1.3877 1.3502 1.3497 
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5.3.4.4. Separation of sulfur compounds from dodecane 
With tighter environmental regulations and government mandates, there is a 
significant push towards removing sulfur compounds from fuels, including gasoline and 
diesel55,56. Hydrodesulfurization57,58 is the most widely used technology in petroleum 
refineries for removing sulfur compounds from oils. However, it is energy-intensive due 
to operation at elevated temperatures and pressures57-59.  
Here, we demonstrate the separation of two sulfur compounds, benzothiophene 
and 2-Methyl-2-propanethiol (t-butyl thiol), from dodecane using DMF as an extractant 
and SDS as a surfactant. We utilize dodecane as a representative oil. Dodecane 
containing 30 ppm benzothiophene (or 50 ppm t-butyl thiol) is continuously fed from the 
bottom of the chamber while DMF with dissolved SDS is continuously fed from the top 
of the chamber using syringe pumps. SDS is chosen as the surfactant because it is 
immiscible with dodecane (the desired phase). The feed (i.e., dodecane containing 
benzothiophene or t-butyl thiol) and the extractant (i.e., DMF with dissolved SDS) phases 
are emulsified in-situ in the chamber using a mechanical stirrer. The polar sulfur 
compound-enriched DMF phase continuously permeates through the hygro-responsive 
membrane at the bottom, while the sulfur compound-depleted dodecane phase with lower 
surface tension, continuously permeates through the conventional hydrophobic and 
oleophilic membrane on the side-wall.  
Benzothiophene in the dodecane phase was quantified after separation by 
measuring the absorbance and comparing it with calibration curves developed by 
measuring absorbances of dodecane with different concentrations of benzothiophene. 
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Figure 5.9a shows the absorbance of dodecane as a function of benzothiophene 
concentration.  
 
Figure 5.9 Continuous separation of benzothiophene. (a) UV-Vis absorbance data for the 
benzothiophene-depleted dodecane phases obtained from continuous separations with and 
without emulsification, using a 50:50 feed:extractant volumetric flow rates. UV-Vis 
absorbance data for dodecane with different benzothiophene concentration are also 
shown for comparison. (b) A plot of calculated area under the UV-Vis absorbance curves 
as a function of benzothiophene concentration. (c) The % benzothiophene unextracted 
from dodecane as a function of feed:extractant volumetric flow rates. 
  
 
Consider the benzothiophene-depleted dodecane obtained from continuous 
separation of SDS-stabilized dodecane-in-DMF emulsion using a 50:50 feed:extractant 
volumetric flow rate. The absorbance data for the benzothiophene-depleted dodecane is 
shown in figure 5.9a. By comparing the permeate spectrum with the known concentration 
curves, the concentration of benzothiophene in the dodecane after separation is found to 
be ≈ 5 ppm. By contrast, the absorbance data for the benzothiophene-depleted dodecane 
phase obtained from the continuous separation without emulsification shown in figure 
5.9a indicates that ≈ 8 ppm benzothiophene remains in the dodecane phase. Thus, a larger 
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amount of benzothiophene is extracted from the feed using surfactant-stabilized 
emulsion, as is clear in figure 5.9a.  
For a quantitative study, we developed another calibration curve by calculating 
the area under the UV-Vis absorbance curves in figure 5.9a.  Figure 5.9b shows area 
under the UV-Vis absorbance curves for dodecane as a function of benzothiophene 
concentration. The calculated area under the UV-Vis absorbance curves for 
benzothiophene-depleted dodecane after continuous separation of SDS-stabilized 
dodecane-in-DMF emulsion using a 50:50 feed:extractant volumetric flow rate is 0.168. 
By comparing this with figure 5.9b, the concentration of benzothiophene in dodecane is ≈ 
5.4 ppm. By contrast, the area under the UV-Vis absorbance curves of the dodecane 
phase obtained from the continuous separation without emulsification is 0.296 and is 
equivalent to ≈ 8.6 ppm benzothiophene (see figure 5.9b). Values of area under the UV-
Vis absorbance curves for the benzothiophene-depleted dodecane phase after continuous 
separations, with emulsification and without emulsification, using various feed:extractant 
volumetric flow rates are listed in Table 5.3. Figure 5.9c shows % benzothiophene 
unextracted as a function of feed:extractant volumetric flow rate.  
Gas Chromatography-Mass Spectroscopy (GC-MS) measurements were used to 
determine the amount of t-butyl thiol in the dodecane phase after separations. Small 
sample volumes (ranging from 1-10 µL ) are injected into the GC-MS instrument and the 
peak areas determined the t-butyl thiol concentrations. The concentration of t-butyl thiol 
in the dodecane phase after continuous separation of SDS-stabilitzed dodecane-in-DMF 
emulsion using a 50:50 feed:extractant ratio is 21.5 ppm (see Table 5.4), while 23.5 ppm 
t-butyl thiol remains in the dodecane phase without emulsification. Concentration values 
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of t-butyl thol in the dodecane-rich phases after continuous separations, with 
emulsification and without emulsification, using various feed:extractant volumetric flow 
rates are listed in Table 5.4.  
 
 
Table 5.3.  Calculated the area under the UV-Vis absorbance curves for benzothiphene-
depleted dodecane phases obtained from continuous separations with and without 
emulsification using different feed:extractant volumetric flow rates. 
 
Feed:Extractant (vol:vol) 
Area under the curves 
Emulsification Non-emulsification 
90:10 0.767 0.827 
80:20 0.575 0.647 
70:30 0.336 0.388 
60:40 0.264 0.336 
50:50 0.168 0.296 
 
 
 
Table 5.4. The concentrations of t-butyl thiol in the dodecane phases obtained from 
continuous separations with and without emulsification using different feed:extractant 
volumetric flow rates.  
 
Feed:Extractant (vol:vol) 
Concentration of t-butyl thiol (ppm) 
Emulsification Non-emulsification 
90:10 44.0 45.0 
80:20 37.5 39.0 
70:30 30.5 32.3 
60:40 25.3 27.0 
50:50 21.5 23.5 
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5.4. Conclusion 
We have developed an extremely energy-efficient, single unit operation that 
combines (a) liquid-liquid extraction using surfactant-stabilized emulsions, and (b) 
solely-gravity driven (i.e., without any external energy) separation of these emulsions 
using hygro-responsive membranes to separate miscible components from liquid 
mixtures. We have demonstrated that our methodology is applicable to a wide range of 
separations, including separation of miscible dye, alcohol and sulfur compounds from 
oils and separation of an ethanol-heptane azeotrope. We anticipate that our technology is 
readily scalable and can be directly incorporated into many mainstream commercial 
operations such as the production of diesel with ultra-low sulfur content, separation and 
recovery of bio-fuels, removal of dyes from jet fuels and separation of azeotropes.  
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CHAPTER 6 
Summary and Future Outlook 
 
6.1. Thesis Summary 
The main objective of my thesis was to develop smart separation methodologies 
for separating a wide variety of both immiscible and miscible liquid mixtures. Numerous 
technologies have been widely used in separation operations. Membrane-based separation 
technologies are extremely promising because they are energy-efficient, cost-effective 
and applicable to a wide range of industrial effluents. My thesis work focuses primarily 
on the membrane-based separation technologies, and it explores the systematic design of 
membranes as well as the development of smart separation methodologies for separating 
both immiscible and miscible liquid mixtures. 
The development of membranes that can separate oil-water mixtures, solely under 
gravity, is the first topic of my thesis. The separation of oil-water mixtures is crucial in 
various fields for: wastewater treatment, fuel purification and the production of 
freshwater. Although membrane-based technologies have been used in these applications, 
their broad application remains limited. In the first part of my thesis, we developed novel 
membranes with hygro-responsive surfaces, which are both superhydrophilic and 
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superoleophobic. These membranes are oleophobic both in air and when submerged 
underwater. Utilizing these membranes, we developed capillary force-based separation 
(CFS) methodology that can separate a range of different oil-water mixtures, solely under 
gravity (i.e., without consuming external energy), with > 99% efficiency. Our separation 
methodology is solely gravity-driven and consequently is expected to be highly energy-
efficient. We also engineered an apparatus using two simultaneous CFS-based operations 
in parallel, to achieve continuous, solely gravity-driven separation of oil-water emulsions, 
with a separation efficiency > 99.9%.  
In the following part, we demonstrated that controlled silanization of cellulose-
based filter papers can create a robust and homogeneous, hygro-responsive coating on the 
filter surface. This hygro-responsive coating can be applied to filters having pore sizes as 
small as 10 nm. These membranes were found to have unique “self-cleaning” ability as 
water displaces oil from the membrane surface. This allows the membranes to be 
extremely fouling resistant. We also demonstrated that our membranes can separate 
surfactant-stabilized oil-in-water emulsions with oil droplets as small as 10 nm in 
diameter.  
In the CFS methodology, the onset of water permeation takes place as soon as 
water contacts the membrane. Therefore, the third part of my thesis focuses on 
developing a separation methodology where the separation is triggered on-demand, i.e., 
upon applying an electric field. For effective on-demand separation of oil-water mixtures 
with an electrical stimulus, both water and oil must be retained above the membrane 
before an electric field is applied. We have developed hydrophobic and oleophobic 
membranes that support both oil and water above the membrane. Utilizing these 
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membranes, we developed a separation methodology that allows for gravity-driven, on-
demand separation of various oil-water mixtures, including those stabilized by surfactant. 
The voltage required to trigger the separation was computed using a breakthrough 
pressure model incorporating the Maxwell stress and hydrostatic pressure. The 
predictions from the model were found to match well with our experiments. We also 
engineered a continuous oil-water emulsion separation apparatus that removes > 99% of 
the emulsified drops.  
In the final part of my thesis, we developed a new separation methodology 
combining liquid-liquid extraction, using surfactant-stabilized emulsions, with solely 
gravity-driven separation of these emulsions into a single unit operation. We 
demonstrated that our methodology is applicable to a wide range of separations, 
including separation of miscible dye, alcohols and sulfur compounds from oils as well as 
separation of an alcohol-hydrocarbon azeotrope.  
 
6.2. Future Outlook 
Commercializing smart methodologies: In this thesis work, we developed several 
methodologies for efficient separation of liquid mixtures. We believe that our smart 
separation methodologies have immediate applications including biofuel purification and 
wastewater treatment. For example, biodiesel is an important and environmentally 
sustainable alternative to crude oil with an annual production of 1,359 million gallons in 
the United States in 20131. As described in Chapter 5, we estimated that our smart 
methodology saves ~ 120 kJ per 1 kg of biodiesel in the purification process. Thus, by 
replacing conventional purification processes with our smart methodology, we expect 
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that about ~ 170,000 MWh of energy can be saved. This energy savings is equivalent to ~ 
$17 million USD, provided that $100 /MWh is the utility rate2.  
Another application is for wastewater treatment. About 40 billion gallons of wastewater 
is treated per day in the United States3. According to the Environmental Protection 
Agency, an estimated $200 billion is invested in publicly owned treatment works, of 
which at least 10% is for wastewater treatment4. Our hygro-responsive membranes can be 
directly used in wastewater treatment. In chapter 3, we estimated that our hygro-
responsive membrane-based methodology can separate oil-water emulsions using about 
30 % less energy than the conventional wastewater treatment process. Replacing them 
with our solely gravity-driven, hygro-responsive membrane-based separation 
methodology can virtually eliminate many costs and may lead to savings on the order of 
millions of dollars. Due to such economic merit and environmental impact, as well as 
ease of scalability, we envision that our smart separation methodologies can be 
commercialized. 
 
Separation of water-in-oil microemulsion: The difficulties in separating the oil-water 
mixtures rely heavily on the dispersed phase size. Typically, microemulsions have less 
than 200 nm diameter droplets5. The stability of the mixtures is greatly enhanced by the 
addition of surfactants, which decreases interfacial tension and hinders the collisions 
necessary for droplet coalescence and gravity separation. As described in Chapter 2., the 
flux of water-rich permeate is impractically low for fine emulsions with water droplets 
smaller than 5 µm in diameter. In such cases, another technique, such as electrostatic 
coalescence is useful6. However, for complete oil–water separation, it is typically 
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followed by either skimming or gravity based separation. Hydrophilic and oleophobic 
sponge consisting of x-PEGDA and fluorodecyl POSS, considered in my thesis work, can 
overcome this limitation. This sponge is expected to absorb fine water droplets while 
repelling oil. Consequently, it leads to effective removal of water from oil with minimal 
oil loss.  
 
Development of flux enhanced membranes: For an effective separation, the pore size is 
typically comparable to smaller than the dispersed phase diameter7. However, as the pore 
diameter decreases, viscous resistance to fluid flow through a membrane’s pores 
increases and consequently, the flux decreases. It is evident from the Hagen-Poiseuille 
relation that the flux decrease is inversely proportional to the thickness of the membrane, 
all other parameters being held constant. Consequently, an ideal membrane is expected to 
have a separation layer as thin as possible to maintain both high flux and selectivity. 
Thickness of the x-PEGDA and fluorodecyl POSS film can be readily controlled by 
changing the coating conditions. Such a film can be incorporated onto backing 
membranes, with larger pores, to enhance mechanical durability.   
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